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ABSTRACT 
 
 Transposable elements were first described by Barbara McClintock in the 1950’s, 
and their study has since provided new appreciation for the dynamic nature of the 
eukaryotic genome. Our current view is that the genome not only provides the 
information necessary to build and maintain a cell, but the genome also serves as a 
microenvironment or habitat for TEs. By understanding the interactions between TEs and 
their hosts, we hope to achieve new insights into cellular processes and basic mechanisms 
of transposition. We also hope to understand the strategies mobile elements and their 
hosts employ so that both can persist.  
 Targeted integration is one strategy used by transposable elements in order to 
survive in host genomes. By integrating in gene-poor regions, mobile elements are less 
likely to cause deleterious genetic damage to their hosts. Our studies of the 
Saccharomyces cerevisiae retrotransposable element Ty5 indicates that this mobile 
element carefully selects its integration sites. Ty5 targets integration to heterochromatin, 
and this occurs through an interaction between Ty5 integrase (IN) and the host 
heterochromatin protein Sir4. A short span of six amino acids (LDSSPP) at the C-
terminus of IN is essential for targeting Ty5 cDNA to sites of Sir4. One of these six 
amino acids (the second serine, in bold) is post-translationally modified by a host kinase, 
resulting in its phosphorylation. Without phosphorylation, IN cannot interact with Sir4 
and targeted integration is impaired. 
 To better understand the interaction between Sir4 and IN, regions of both proteins 
were subjected to random mutational analysis. More specifically, mutations in both 
proteins were identified that abrogate their interaction in two-hybrid assays. In the case of 
Sir4, mutations in the C-terminus of this protein that affected IN interactions occurred in 
highly conserved residues within the partitioning and anchoring domain (PAD). The PAD 
domain has previously been shown to interact with Esc1, a protein in the nuclear 
periphery that plays a role in partitioning of DNA between mother and daughter cells 
during mitosis. The study of the Sir4 mutations revealed a connection between Ty5 and 
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host cell functions: most of the mutations that affected the Sir4/IN interaction also 
affected the ability of Sir4 to interact with Esc1. We predict that Ty5 commandeered the 
region of Esc1 that interacts with Sir4 in an effort to target integration into silenced DNA. 
This provides an example of how mobile elements exploit host biology to persist in 
genomes. 
 A complementary study was carried out to identify IN mutations that abrogate the 
interaction with Sir4. Such mutations were distributed randomly throughout the IN C-
terminus. Mutations between residues 954 and 993 (with the exception of mutant S966G) 
affected cDNA levels, as demonstrated by a nearly complete loss of cDNA integration 
into the genome. These results imply that reverse transcription is impaired in these 
mutants and suggest a connection between reverse transcription, integration and the 
ability of integrase to recognize Sir4. Mutations found between residues 1008 and 1067 
had varying effects on integration; however, in most cases, cDNA was produced 
indicating that reverse transcriptase was not compromised. We conclude that the IN C-
terminus is a critical domain that regulates the catalytic activity of integrase, mediates 
target site choice, and coordinates reverse transcription and integration.
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CHAPTER 1: GENERAL INTRODUCTION 
 
The abundance of transposable elements 
 Transposable elements (TEs) are found throughout eukaryotes, and their diversity 
and copy number varies greatly among the different genomes they inhabit. TEs do two 
things: they change their position, and as a consequence of this activity, they amplify 
their copy number (Bennetzen 2000). The compact genome of the single-celled eukaryote 
Saccharomyces cerevisiae, or baker’s yeast, contains only one class of TE, the LTR 
retrotransposons, which account for only a few percent of the yeast genome (Kim, 
Vanguri et al. 1998). The genomes of plants contain a more diverse collection and greater 
copy number of TEs. The genomes of grasses, including maize, are composed of up to 
70% TEs, 50% of which are estimated to be LTR retrotransposons (SanMiguel, Tikhonov 
et al. 1996; Wessler 2006). In fact, the genomes of plants are so littered with TEs that it is 
likely that most plant genes contain relics of TEs in their promoters (Bennetzen 2000). 
TEs exist in animals as well. The human genome is composed of approximately 50% TEs 
(Wessler 2006). The long interspersed nuclear elements (LINE or L1) and Alu compose 
approximately 30% of the human genome (Lander, Linton et al. 2001). The Alu element, 
which is a non-autonomous, non-LTR retrotransposon, exists at copy numbers as great as 
1.2 million (Jurka 2004). More recently, the well-established role of transposable 
elements in shaping genomes has been countered by mounting evidence that some 
elements are domesticated and benefit their host (Kidwell and Lisch 2001). How 
transposable elements survive and to what extent they influence their host is an active 
area of study.  
 
Class I and Class II transposable elements 
TEs are categorized into two major groups based on their life cycle. Class I TEs 
replicate by a RNA intermediate, whereas a DNA intermediate is used by Class II 
elements (McClure 1993). TEs such as the Activator-Dissociation (Ac/Ds) family in 
maize, the P elements in Drosophila, and the Tc1 elements in C. elegans are all Class II 
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elements. Class II elements contain short terminal inverted repeats (TIR) of 
approximately 10-20 bp (although they may be as great as 200 bp) and typically a single  
 
 
Figure 1. The long interspersed nuclear elements (LINES or L1) is represented by the human LINE-1 
element. Flanked by 5’ and 3’ untranslated regions (UTRs) ORF2 codes for endonuclease (EN) and reverse 
transcriptase (RT) and likely a C-terminal DNA binding domain. Retroviruses are flanked by long terminal 
repeats (LTRs) denoted as black arrows. The Gag protein codes for a nucleocapsid and Pol codes for 
protease (PR), reverse transcriptase (RT), RNase H (RH), and integrase (IN). A third gene present in 
retroviruses, but not found in Ty3/gypsy or the Ty1/copia LTR-retrotransposons, is the env gene. 
 
gene that codes for transposase. The activity of Class II elements is driven by 
transposase. Following transcription and translation, transposase binds in a sequence 
specific manner to the ends of the element or to the ends of non-autonomous family 
member. After binding, transposase initiates a cut and paste reaction: the element is cut 
out of one site, leaving a double strand break, and is inserted elsewhere in the genome 
(Wessler 2006).  
The defining characteristic of class I elements is a life cycle that requires the 
activity of reverse transcriptase. There are two subcategories of Class I elements, the long 
terminal repeat (LTR) retrotransposons and the long and short interspersed elements 
(LINES and SINES) (Kidwell and Lisch 1997). Each class differs in their mechanism of 
replication, but both rely on reverse transcriptase. 
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The non-LTR retrotransposons replicate by a mechanism referred to as target-
primed reverse transcription (TPRT). The steps in TPRT are as follows: (1) internal  
 
 
 
Figure 2. The life cycle of LTR-retroelements (retrotransposons and retroviruses). Virion release is made 
possible by the addition of the envelope protein (env) to the nucleocapsid (gag) of the virus like particle 
(VLP). Integrase (IN), reverse transcriptase and retroelement cDNA are packed into the VLP. 
 
promoters initiate transcription of the element; (2) the mRNA is translated by the host; 
(3) an element-encoded endonuclease cleaves the target DNA and the element’s reverse  
transcriptase uses the 3’ OH to prime reverse transcription starting with the poly-A tail; 
(4) DNA extends along the element transcript, and the extended cDNA is somehow 
joined to the other side of the double strand break; (5) the reaction is completed, although 
the mechanism of RNA removal and second strand DNA synthesis is not known. 
The LTR retrotransposons are closely related to retroviruses (McClure 1993) 
(Figure 2). This fact has made the LTR-retrotransposon a prime model for the study of 
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retroviruses. The primary difference between the coding regions of retrotransposons and 
retroviruses is the absence of the env gene from retrotransposons. Env encodes for a 
transmembrane host receptor protein that assembles on the surface of virions and 
mediates lateral transmission of retroviruses (Coffin 1997). Although the order of genes 
differs between LTR-retrotransposons, they all code for Gag and Pol proteins. Gag is 
required for the assembly of the RNA transcript into virus like particles (VLPs). The Pol 
protein has several enzymatic activities, including protease (PR), integrase (IN), and 
reverse transcriptase (RT) (Figure 1) (Craig 2002).  
 The life cycle of the LTR retrotransposon can be divided into four steps: 
transcription, particle formation, reverse transcription, and integration (Figure 2). The 
LTR transposon is first transcribed into mRNA by pol II transcription machinery. The 
mRNA transcript is transported to the cytoplasm where it is used as template for protein 
synthesis or packaged into VLPs. Following translation, PR carries out proteolytic 
cleavage of the translated LTR retrotransposon polyproteins. Following proteolytic 
processing, the VLP forms in the cytoplasm, and inside are packaged IN and RT proteins 
and mRNA. It is at this stage that the life cycle of retrotransposons and retroviruses 
diverge. Retroviruses assemble Env on the surface of the VLP, which mediates 
membrane fusion and virus particle formation. In contrast, the retrotransposon stays 
within the cell. Within the VLP, the mRNA is primed by a tRNA and reverse transcribed 
into a linear double strand cDNA by RT. cDNA, IN, and perhaps other host or element 
coded factors are imported into the nuclease as a pre-integration complex (Spicuglia, 
Franchini et al. 2006). The cDNA is than integrated into the genome by IN. 
 
Integrase of LTR retrotransposons and retroviruses 
Integration is a critical step in the replication of the LTR retrotransposons and 
retroviruses: it ensures that the mobile element persists in the host genome. Integration 
also has important consequences for the host, because the insertion of the retroelement 
permanently alters the host’s genetic code. It has become increasingly clear that the 
integration of retroviruses and LTR retrotransposons is highly regulated, and this 
regulation frequently involves an interplay between IN and various host factors. 
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The IN of retroviruses and LTR retrotransposons contains three regions of 
similarity. The N-terminal domain contains a zinc-finger, which is likely involved in non-
specific binding of cDNA. Downstream of the zinc finger is the catalytic core, which 
consists of conserved acidic residues – Asp, Asp, and Glu (otherwise known as the 
DD35E motif) (Jacobo-Molina, Ding et al. 1993). The IN C-terminus is not conserved 
between retrotransposons and retroviruses (Craig 2002), and this domain is usually 
considerably longer in the retrotransposons relative to the retroviruses. It is the poorly 
conserved C-terminus that is revealing itself as the factor that targets cDNA integration to 
specific sites in host genomes.  
 
Retroviral targeting 
Because of its impact on the host genome, several studies have been conducted to 
determine integration site biases for retroviruses such as HIV and Murine Leukemia 
Virus (MLV). Sites of integration were mapped onto the human genome sequence, and it 
was found that there is a preference for integration into regions of active transcription 
(Schroder, Shinn et al. 2002; Wu, Li et al. 2003). HIV integrates preferentially 
throughout active transcriptional units. The same integration site bias was also observed 
for SIV in macaques (Hematti, Hong et al. 2004). Although still favoring genes, MLV 
differs slightly from the lentiviruses and integrates preferentially near transcription start 
sites containing CpG islands. In a recent study, MLV IN was swapped into HIV IN, 
generating a HIV mIN chimera. The HIV mIN chimera had integration site preference 
similar to MLV (Lewinski, Yamashita et al. 2006). This study suggests that IN is the 
primary factor that determines target site choice.  
Although the mechanism underlying the target site biases of HIV and MLV 
remain poorly understood, recent studies have identified an IN interacting host factor that 
is involved in target site selection through chromatin tethering. HIV IN interacts strongly 
with p75, the cellular transcriptional coactivator lens epithelium-derived growth factor 
(LEDGF) (Ge, Si et al. 1998; Cherepanov, Maertens et al. 2003; Maertens, Cherepanov et 
al. 2003; Llano, Vanegas et al. 2004). When LEDGF is tethered to DNA in vitro, HIV 
integrates near the sites of the tethered protein. The integrases of other lentiviruses 
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interact with LEDGF, suggesting that this protein is a general targeting factor 
(Cherepanov 2007). In addition to LEDGF, other host factors have been shown to be 
involved in HIV infection through an interaction with IN. Emerin, an integral inner-
nuclear-envelope protein, has been shown to be necessary for HIV infection (Jacque and 
Stevenson 2006). Emerin facilitates the interaction of viral cDNA with chromatin and 
may help HIV find its target sites (Jacque and Stevenson 2006). 
 
LTR retrotransposon targeting  
Retrotransposons also likely target integration through the activity of IN. The best 
examples of this are the Ty elements in S. cerevisiae, which are discussed in considerable 
detail below. Other LTR retrotransposons contain chromodomains at their IN C-terminus 
(Malik and Eickbush 1999; Gorinsek, Gubensek et al. 2004). Chromodomains are 
conserved domains that target proteins to chromatin by recognizing specific methylated 
lysines on histones (Bannister and Kouzarides 2004; Brehm, Tufteland et al. 2004). The 
IN of the Schizosaccharomyces pombe Tf1 retrotransposon contains a chromodomain that 
provides cDNA integration specificity (Malik and Eickbush 1999; Hizi and Levin 2005). 
The chromodomains of other mobile elements are likely targeting determinants. 
 
S. cerevisiae LTR retrotransposons 
The similarities between retroviruses and LTR retrotransposons provides strong 
support for the use of LTR retrotransposons as a model for studying retrovirus 
replication. The sophisticated genetic and molecular biological tools for Saccharomyces  
cerevisiae make it a good choice for such studies. Additionally, S. cerevisiae contains 
only LTR retrotransposons, all of which demonstrate some level of targeted integration. 
 The genome of S. cerevisiae plays host to five LTR retrotransposon families 
(Ty1-Ty5) (recently reviewed by (Lesage and Todeschini 2005)). Ty3 is a Metaviridae 
(gypsy-like element) and the other four Ty’s are Pseudoviridae (copia/Ty1 elements). The 
five families have similar genomic organizations. Flanking the TYA and TYB ORFs are 
two direct terminal repeats. TYA codes for the structural Gag proteins and TYB codes 
Pol. In the case of Ty5, TYA and TYB are encoded on a single open reading frame. 
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Integration profile of Ty’s 
Native Ty1, Ty2, and Ty4 elements are found mainly upstream of RNA 
polymerase III (Pol III) transcribed genes in a window that begins approximately 80 bp 
upstream of these genes and extends for several hundred bp (Lesage and Todeschini 
2005). Native Ty3 elements are also found upstream of Pol III transcribed genes, but 
within a much more defined window, namely within one or two base pairs of the Pol III 
transcriptional start site (Chalker and Sandmeyer 1992). Ty5 is found in heterochromatin 
at the telomeres and the silent mating type loci (HML and HMR) (Zou, Ke et al. 1996). 
 
Ty1 
 Ninety percent of Ty1 insertions in the completed S. cerevisiae genome sequence 
are found in the regions upstream of Pol III transcribed genes (e.g. tRNA and 5S rDNA) 
(Kim, Vanguri et al. 1998). In addition to sequence analysis, targeted integration by Ty1 
to upstream regions of Pol III transcribed genes has been shown in vivo (Ji, Moore et al. 
1993). Ty1 targeting is defective in mutations that affect transcription of Pol III 
transcribed genes, but it is not abolished, indicating that transcriptional machinery alone 
may not be the determinate for Ty1 targeting (Lesage and Todeschini 2005).  More 
likely, Ty1 integrase recognizes a feature of Pol III-associated chromatin that directs 
integration. 
 
Ty3  
Ty3 also targets Pol III transcribed genes as evidenced by sequence analysis and 
in vivo assays (recently reviewed by (Lesage and Todeschini 2005). The mechanism of 
Ty3 targeting is more clearly understood than for Ty1. Transcription factors TFIIIB and 
TFIIIC are required for Ty3 targeting. Additional experiments involving the SRN6 gene, 
which does not require TFIIIC for in vitro transcription, show that TFIIIB subunits TBP 
and Brf1 are sufficient for targeting (Yieh, Kassavetis et al. 2000). However, TFIIIC may 
contribute to Ty3 integration by helping to select the integration site by orienting TFIIIB. 
In support of this, the TFIIIC C-terminal domain has been shown to interact weakly with 
the N-terminal region of Ty3 IN (Aye, Dildine et al. 2001).  
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Figure 3. Ty5 preferentially integrates into regions near silenced DNA. Integration is shown here occurring 
at the HML and HMR loci and at the left telomere of chromosome III. 
 
Ty5 
Ty5 is approximately 5 kb in length and is flanked by two 251 bp LTRs. Ty5 
contains a single ORF that codes for Gag and Pol (Gao, Rowley et al. 2002). Proteolytic 
processing of Ty5 polyprotein by protease results in Gag, IN, and RT. Gag is present as 
two species, one 37 kD and a second 27 kD. IN is 80 kD and RT is 59 kD. The Ty5 
proteins are all insoluble (Irwin and Voytas 2001). 
An active form of Ty5 is no longer present in S. cerevisiae. The only near full-
length copy of Ty5 lies at the telomere of chromosome III and is non-functional. There 
are six solo Ty5 LTRs found in the S. cerevisiae genome, four are found near the 
telomeres and the remaining two are found near the HMR locus (Voytas and Boeke 1992; 
Zou, Wright et al. 1995; Kim, Vanguri et al. 1998). Genome surveys of S. paradoxus 
identified multiple Ty5 insertions, also located near silent chromatin (Zou, Wright et al. 
1995). The S. paradoxus Ty5 element was modified for use in S. cerevisiae. A strong 
preference for integration on chromosome III, which represents 1/40th of the genome, was 
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revealed: 30% of 87 independent Ty5 insertion events occurred there. Of 19 mapped 
chromosome III insertions, 18 were located at or near transcriptional silencers flanking 
HML and HMR or the type X subtelomeric repeat (Figure 3) (Zou, Ke et al. 1996). In a 
separate study, 14 of 15 new Ty5 insertion events were mapped to telomeric regions on  
 
 
 
Figure 4. The mating loci (HMR and HML) and telomeres are both silenced by the same complex. The  
silencing complex consists of Rap1, ORC, Abf1, which bind directly to DNA and recruit the regulator of 
silencing proteins Sir2, Sir3, and Sir4. 
 
10 different chromosomes. Nine of these insertions are within 0.8 kb and three are within 
1.5 kb of the autonomously replicating consensus sequence in the subtelomeric X repeat, 
which suggests that the subtelomeric X repeat plays an important role in directing Ty5  
integration (Zou, Kim et al. 1996). In general, most Ty5 insertions occur within 800 bp 
on either side of the autonomously replicating consensus sequence that characterizes the 
silencers at HMR and HML and the telomeric X repeats. Integration near the HM loci is 
not detected in strains with silencer mutations that disrupt transcriptional repression. This 
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loss of targeting, which parallels the loss of silencing, indicates that the silencing 
complex directs Ty5 integration (Zou and Voytas 1997).  
 
 
Figure 5. The Ty5 integrase C-terminus (INC) recognizes and interacts with the Sir4 protein of the mating 
loci and telomere silencing complexes. The targeting domain (TD), consisting of six residues (LDSSPP) of 
IN, is phosphorylated at S1095.  
 
The silencing complex (reviewed by (Gartenberg 2000) is formed by interaction 
between underacetylated amino-terminal histone H3 and H4 tails and the silent 
information regulator 2 (Sir2), Sir3, and Sir4 (Figure 4). Silencers are required for the 
formation of the silencing complex. The silencers contain combinations of binding sites 
for Rap1, Abf1, and the origin of recognition complex (ORC). At the silencers, these 
proteins interact with each other and recruit the Sir proteins. HMR and HML mating type 
loci are both flanked by silencers. Loss of Sir3p or Sir4p results in a greater than nine-
fold decrease in Ty5 targeting to the HM loci and a largely randomized chromosomal 
integration pattern (Zhu, Zou et al. 1999). In strains that contain the sir4-42 allele, in 
which the Sir complex relocates to rDNA, about 26% of Ty5 insertions are detected in 
the rDNA. In wild type strains, Ty5 insertions are detected at rDNA at levels of 
approximating 3% (Zhu, Zou et al. 1999). In addition, a deletion of sir2 does not 
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randomize Ty5 integration, but silencing is reduced in sir2 mutants. This suggests that 
silencing may not be the key factor in targeting, but rather that one of the proteins 
involved in silencing is the factor that directs integration. Consistent with this 
observation, Sir4 was identified as the silencing protein directly involved in the target site 
selection of Ty5. Direct interaction between Ty5 INC and Sir4 was observed in a yeast 
two-hybrid assay and Ty5 integration hotspots are generated when Sir4 is tethered to 
ectopic DNA sites (Xie, Gai et al. 2001; Zhu, Dai et al. 2003). 
 Mutagenesis experiments mapped the Ty5 targeting determinant to the C-
terminus of IN (INC). Further analysis of INC revealed four amino acids (in bold) in a six 
amino acid patch (LDSSPP) that are required for targeted integration (Figure 5) (Xie, Gai 
et al. 2001). Additionally, Ty5 targeting can be changed by replacing the IN targeting 
domain (TD) with other peptide motifs that interact with known protein partners. Ty5 
integration then occurs near DNA sites where the protein partners are tethered (Zhu, Dai 
et al. 2003). Genetic and biochemical evidence for post-translational modification of the 
IN TD by phosphorylation suggests that the host mediates targeted integration. 
Phosphorylaion of S1095 is required for interaction with Sir4p. Additionally, a S1095E 
mutation, which mimics the negative charge provided by the phosphorylation of S1095, 
targets like wild type, whereas S1095A mutation is targeting defective. In vivo and in 
vitro assays have identified multiple candidate host kinases that may be involved in the 
phosphorylation of the TD (Dai 2007). 
   
Thesis organization 
 As the significance of targeting in the life cycle of retrotransposons and 
retroviruses becomes more apparent, there is a need to understand the specific 
mechanism of targeted integration. Ty5 is an excellent model for such studies, and the 
specifics of its targeted integration are beginning to reveal themselves. In previous work, 
Sir4 was identified as the molecular tether recognized by Ty5 IN at sites of silent 
chromatin and responsible for targeted integration of cDNA. The C-terminus of Sir4 was 
the region recognized by Ty5 IN.  
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 Chapter 2, written by Troy Brady, is a paper ready to be submitted to a journal 
that details work done to better understand the nature of the Sir4/IN interaction. In this 
paper, we show that Sir4 residues required for interaction with IN are also required for 
interaction with the nuclear periphery protein, Esc1, which acts to partition DNA between 
mother and daughter cells. I carried out the yeast reverse two-hybrid assay, which 
identified the Sir4 residues required for interaction with IN. I also carried out the protein 
and mitotic stability assays. Finally, I performed the mapping of Ty5 integration events in 
the sir4 strains. The results of this study suggest that the TD of IN mimics the region of 
Esc1 that interacts with Sir4. Other contributors include Peter Fuerst, who first 
demonstrated the interaction between Sir4 and Esc1. Troy Brady, the first author on the 
manuscript, supervised the study and completed all of the other experiments. 
 Chapter 3 is a manuscript that identifies IN residues required for interaction with 
Sir4. Prior to this study, the only domain of IN known to interact with Sir4 was the 
targeting domain. Mutations in the additional IN residues have multiple effects on the 
activity of Ty5, including effects on cDNA production and the catalysis of integration. In 
addition to the identification of IN residues responsible for interaction with Sir4, we 
found one reverse transcriptase residue that did not interact with Sir4 and eliminated 
cDNA production. Another residue was found that prevented proteolytic cleavage of IN 
and RT. I completed all of the experiments in this manuscript. 
 The appendix is a manuscript prepared for submission to BMC Plant Biology. 
This work was completed while I was an undergraduate working with Ericka Havecker. 
LC6 and LC8 are components of the dynein molecular motor, specifically the light chain, 
and have been shown to interact with the Gag protein of some retrotransposons. This 
paper describes work done to characterize the cellular and tissue expression patterns of 
these dynein light chain proteins. My contribution to the research for this paper included 
the transformation of the LC6/LC8 GUS fusion constructs into Arabidopsis and the 
characterization of the respective protein expression patterns at different stages of the 
plant life cycle. 
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Abstract 
Target specificity of the retrotransposon Ty5 is mediated by a protein-protein interaction 
between Ty5 integrase and the host protein Sir4. We explored the hypothesis that Ty5’s 
targeting mechanism arose by acquisition of a Sir4 interaction domain from a cellular 
protein. Initially, deletion and mutation analyses of the Sir4 C-terminus (aa 950-1358) 
were carried out to establish criteria for the interaction between Sir4 and IN. These 
criteria were then used to screen for hypothetical cellular donors of Ty5 integrase’s 
targeting determinants. Esc1, which acts with Sir4 to partition DNA between mother and 
daughter cells, met our criteria: Esc1 interacts with the same domain of Sir4 as IN (aa 
971-1082) and 75% of mutations that disrupt interaction between Sir4 and IN also 
completely disrupt or weaken Esc1/Sir4 interactions. Not surprisingly, the ability of these 
sir4 mutants to interact with Esc1 correlated with their capacity to partition DNA to 
daughter cells. Interestingly, Ty5 targeting was not abolished in all sir4 mutants tested. 
Targeted integration correlated strongly with the mutant protein’s ability to interact with 
Esc1, suggesting a role for Esc1 in target site selection in the absence of a Sir4/IN 
interaction. Tethering chromatin to the nuclear periphery did not appear to be important 
for integration specificity, as targeting was not affected in cells expressing wild type Sir4 
but lacking either Esc1, Ku70, or both proteins. A small region of Esc1 (aa 1440-1473) 
previously reported to interact with Sir4 contains a sequence similar to the targeting 
domain of Ty5 IN. Like the Ty5 targeting domain, this motif is phosphorylated, and 
alanine substitutions in this motif disrupt two hybrid interactions with Sir4. We conclude 
that Ty5 targets integration to heterochromatin by imitating the Esc1/Sir4 interaction. 
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Introduction 
Transposable elements have inherent potential to alter genome organization. While some 
transposable elements do not have obvious insertion site preferences, many others 
frequently integrate into distinct regions of the host’s genome. Because mobile elements 
are dependent upon their host for survival, it would seem advantageous to both entities 
for insertion site preference to be regulated either by the host, the element, or both. 
Understanding how integration biases are determined will likely reveal new relationships 
between the host and mobile elements, increase understanding of how genomes are 
shaped by mobile DNA, and provide opportunity to harness mobile elements for genome 
modification such as therapeutic gene delivery. 
 In the baker’s yeast Saccharomyces cereviseae, all retrotransposons (Ty1 – Ty5) 
display distinct target site preferences. Ty1 - Ty4 are located upstream of genes 
transcribed by RNA polymerase III, such as tDNA and rDNA. Ty5 integrates in regions 
of heterochromatin at telomeres and silent mating type loci. While the precise mechanism 
underlying Ty targeting to tDNA and rDNA remains elusive, targeting to telomeres and 
the silent mating loci results from a direct protein-protein interaction between Ty5 
integrase (IN) and Sir4, a host protein integral to heterochromatin function. Essential for 
this interaction is a six amino acid motif in IN termed the targeting domain (TD). TD was 
recently shown to be a site of phosphorylation, and substitutions in TD that prevent 
phosphorylation abrogate interaction between IN and Sir4 leading to random integration 
of Ty5. The host, therefore, determines integration site specificity of Ty5 by post-
translationally modifying IN to promote interaction with Sir4.  
 Sir4 is a large protein that serves as a molecular scaffold at the nuclear periphery. 
TD interacts with the Sir4 C-terminus (aa 951-1358), a region of the protein with 
similarity to nuclear lamins in that it encodes a coiled coil domain that contains lamin-
like heptad repeats (Diffley and Stillman 1989). This region can interact with numerous 
proteins, including Sir3 and the coiled coil domain of other Sir4 molecules (Tsukamoto, 
Kato et al. 1997; Chang, Hall et al. 2003; Murphy, Spedale et al. 2003). Upstream of the 
coiled coil domain is a region of Sir4 involved in DNA partitioning and anchoring (PAD, 
950-1262). When the PAD domain is ectopically tethered to otherwise unstable plasmids, 
  
19 
it facilitates their transmission to daughter cells during mitosis (Ansari and Gartenberg 
1997). The PAD domain carries out its activity by interacting with Esc1, a protein 
important in tethering heterochromatin to the nuclear periphery (Andrulis, Zappulla et al. 
2002). Due to the localization of Sir4 at chromosome ends, PAD-mediated tethering is 
also thought to be involved in chromosome segregation during mitosis. Chromosomal 
tethering occurs via redundant pathways involving Esc1 and yKu, a DNA repair protein 
complex that binds chromosome ends and interacts with Sir4 (Tsukamoto, Kato et al. 
1997; Hediger, Neumann et al. 2002; Bertuch and Lundblad 2003; Taddei and Gasser 
2004).  Localization of DNA to the nuclear periphery is also thought to reinforce 
silencing by bringing heterochromatic regions into close proximity with silencing factors, 
such as Sir2 and Sir3, which localize to the nuclear periphery and also interact with Sir4. 
While tethering may function to strengthen silencing in these regions, it is not essential 
for maintenance of silent chromatin (Gartenberg, Neumann et al. 2004; Taddei, Hediger 
et al. 2004). 
 The relationship between Ty5 IN and Sir4 bears some similarities to interactions 
between retroviruses and host proteins localizing to chromatin and the nuclear periphery. 
Because IN appears to be the primary retroelement factor determining integration site 
choice (Zhu, Dai et al. 2003; Lewinski, Yamashita et al. 2006), host proteins that interact 
with IN have the potential to influence the site of integration. LEDGF/p75, a co-
transcription factor, is one such protein that interacts with HIV IN and significantly 
impacts target site selection of this retrovirus. While HIV normally prefers to integrate in 
transcriptionally active regions, reducing LEDGF levels in vivo significantly lowers HIV 
integration and target site bias (Ciuffi and Bushman 2006; Llano, Saenz et al. 2006; 
Vandekerckhove, Christ et al. 2006). Furthermore, by tethering LEDGF to ectopic sites in 
vitro, it was demonstrated that integration could be directed to sites were LEDGF was 
located (Ciuffi, Diamond et al. 2006).  
 HIV has also been shown to require the integral inner-nuclear envelope protein 
emerin for efficient cDNA integration (Jacque and Stevenson 2006). Emerin, like other 
LEM (LAP2, Emerin, and MAN1 domain) containing proteins, binds barrier-to-
autointegration factor (BAF), an essential protein associated with chromatin structure and 
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nuclear assembly (Zheng, Ghirlando et al. 2000; Lee, Haraguchi et al. 2001; Segura-
Totten, Kowalski et al. 2002). Through its anchoring in the nuclear membrane and its 
interaction with lamin A and nesprin proteins, emerin is thought to mediate chromatin 
localization to the nuclear periphery (Bengtsson and Wilson 2004). While BAF is known 
to reduce the autointegration of cDNA by HIV IN, the exact role of emerin in HIV 
integration is unclear. The lack of cDNA integration in cells deficient for these proteins 
suggests an interesting link between proteins involved in chromatin structure and 
localization and retroviral integration. 
 As the requirements for mobile element integration are revealed, an increasingly 
close relationship between these elements and host integration determinants is becoming 
apparent. Based on these observations, we hypothesized that Ty5 IN may be imitating or 
perhaps may have even commandeered a Sir4-interaction domain from some other 
cellular factor. Such a domain would have similar requirements for interaction with Sir4 
as those of IN. To determine if a host protein containing such a region could be found, we 
characterized requirements for the IN/Sir4 interaction through deletion and mutagenesis 
studies. We then identified Sir4-interacting host proteins by a yeast two-hybrid screen 
and compared the interaction requirements of these proteins with those of IN. We 
demonstrate here a near equivalency in the Sir4-interaction profiles of IN and Esc1 and 
conclude that Ty5 targets integration to heterochromatin by imitating the host factor 
Esc1. 
 
Results 
 
Defining the region of Sir4 that interacts with IN 
We previously demonstrated that Ty5 IN interacts with the C-terminus of Sir4 
(residues 951-1358) (Xie, Gai et al. 2001), and using two hybrid assays, we showed that 
N-terminal truncations beyond residue 971 severely impair interaction with IN (Figure 
1A) (Zhu, Dai et al. 2003). To define the C-terminal boundary of the IN-interacting 
domain, various Sir4 C-terminal truncations were tested in two hybrid assays (Figure 
1B). Deletions removing up to 276 residues still interacted with IN (Figure 1A), 
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indicating that the coiled coil domain of Sir4 (residues 1271-1346) is not needed. All Sir4 
truncations were expressed at equivalent levels, except for C-terminal truncations 
extending beyond 1082 (Figure 1B). Smaller C-terminal truncations may be capable of 
interacting with IN, but this could not be determined by yeast two hybrid assays due to 
protein instability. 
 
 
Figure 1. Delineation of the Sir4 N- and C-terminal boundaries for interaction with IN. (A) Yeast two hybrid assays of 
GAD-IN with various LexA-Sir4 truncations. Cultures were serially diluted previous to spotting onto non-selective and 
selective media. (B) Most LexA-Sir4 truncations are stably expressed. Immunoblotting detected stable expression of all 
truncations except for C-terminal truncations past residue 1082. 
 
Two residues in the IN interacting domain (W974 and R975) were previously 
shown to abrogate Sir4/IN interactions when mutated to alanine (Zhu, Dai et al. 2003). 
To identify additional residues, alanine point substitutions between 976 to 990 were 
performed and tested in yeast two hybrid assays for IN interaction. This identified four 
additional residues (W978, L982, I985, V987). Together with the previously described 
mutations, six of the seven substitutions replace strongly hydrophobic residues, 
suggesting an interaction with IN mediated by hydrophobic residues or a need for these 
residues in maintaining proper structure of the interacting region.  
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The relatively large number of residues identified by alanine scanning (7 out of 19 
tested) suggested that multiple residues throughout the 971-1082 region are important for 
IN interaction. To identify additional residues, a reverse two-hybrid screen was 
performed. Randomly mutagenized constructs encoding LexA-Sir4 (951-1358) were  
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Figure 2. Conserved Sir4 residues are important for interaction with IN. (A) The location of Sir4 mutations 
are indicated on an alignment of Sir4 homologues from different species of Saccharomyces. The IN-
interaction boundaries of Sir4 (971-1082) are designated by the area within the dashed rectangular box. The 
locations of alanine substitution mutants are marked by a circle (О) and reverse-two hybrid mutants by a 
triangle (▼). (B) Immunoblots of LexA-Sir4 proteins. LexA-Sir4 mutants are stably expressed compared to 
wild type.  
  
tested for loss of interaction with IN (data not shown). Western blots were performed to 
eliminate those mutants that did not express Sir4 efficiently. Forty-one mutants that 
passed this screen were sequenced, and ninety percent (37 of 41) contained at least one 
mutation between residues 971 and 1082, correlating well with the deletion data. Of the 
41 mutants, 4 had mutations in residues identified as important in the alanine scanning 
mutagenesis, indicating that the screen did not reach saturation. The multiplicity of 
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mutations isolated throughout Sir4 lead us to conclude that this minimal region of 971-
1082 contains multiple residues that are needed to support interaction with IN. 
Six of the 41 mutants had single nucleotide changes that resulted in an amino acid 
replacement. These mutants along with three double mutants were characterized further. 
All of these mutations are located within the 971 to 1082 region of Sir4 required for 
interaction with IN with the exception of two mutations, one in each of the double 
mutants L984P, K1123R and T957L/K1037E (Figure 2A). The region between 954 and 
1114 is conserved among Sir4 proteins from related yeast species, and all mutations 
except K1123 reside within this domain of conservation. 
 
Sir4-interacting proteins and their relationship to IN 
Because of the conservation of the region of Sir4 that interacts with IN, we reasoned that 
this domain carries out a critical function and likely accomplishes this by interacting with 
other host proteins. To identify such factors, a yeast two hybrid screen was carried out 
using LexA-Sir4C (951-1358) as bait. Because Sir4 interacts with Sir2, Sir3, and itself, 
all candidate two hybrid interactions were tested in strains lacking these proteins to 
screen out interactions that may be bridged by one of these proteins (data not shown). 
The screen identified six proteins: Sum1, Chd1, Nma2, and Nup157 (none of which have 
been shown to physically interact with Sir4), Esc1 (a known Sir4-interacting protein 
(Andrulis, Zappulla et al. 2002)) and Sir4 (which is known to homodimerize). Sum1 is a 
transcriptional repressor of middle sporulation-specific genes and is involved in telomere 
maintenance (Laurenson and Rine 1991; Xie, Pierce et al. 1999; Askree, Yehuda et al. 
2004). Chd1 remodels nucleosomes and regulates transcription elongation (Tran, Steger 
et al. 2000; Simic, Lindstrom et al. 2003) and Nma2 (Nicotinic acid mononucleotide 
adenylyltransferase) is involved in the NAD(+) salvage pathway (Emanuelli, Carnevali et 
al. 1999) and strengthens silent chromatin when overexpressed (Anderson, Bitterman et 
al. 2002). Esc1 is a recently described protein known to interact with Sir4 to tether 
telomeres and partition plasmids to daughter cells (Andrulis, Zappulla et al. 2002).  
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Figure 3. Interaction profiles of Sir4-interacting proteins. Yeast two hybrid assays measuring interaction of 
candidate proteins with various LexA-Sir4 constructs. (Top) Sir4 deletions used are shown in graphic form 
with labeled interaction domains. The interaction of these constructs with IN is shown to the right. 
(Bottom) Interaction profiles of Sum1, Nma2, Chd1, and Esc1 with Sir4 truncations or a Sir4 mutant are 
shown in the right and left panels, respectively. 
 
 We hypothesized that IN may mimic one of the identified cellular proteins with 
respect to its interaction with Sir4. We therefore tested these four proteins against various 
Sir4 deletions and the W974A point mutant to determine whether their interactions 
resembled GAD-IN. In contrast to IN, Sum1 required the entire Sir4 fragment for 
interaction (951-1358), as it failed to interact with Sir4 deletions lacking the coiled coil 
domain (950-1250) or the N terminal region (1082-1358) (Figure 3). Nma2 and Chd1 
both required the coiled coil of Sir4 but interacted with 1082-1358. Previous work has 
shown that Esc1 interacts with the region of Sir4 that includes residues 950-1150 
(Andrulis, Zappulla et al. 2002), and our data supports this observation, demonstrating 
that the interaction does not require the coiled coil domain but does require the N 
terminal region for interaction. In assessing allele specificity, Nma2/Sir4 and Sir4/Sir4 
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interactions were not disrupted by the W974A mutation whereas interactions with Sum1, 
Chd1, and Esc1 were not observed with this mutant (Figure 3). Based on these results, we 
concluded that Esc1 shares the most similarity with IN in terms of its Sir4 interaction.  
 
Esc1 interacts with the same region of Sir4 as IN 
To further characterize the similarity between the IN/Sir4 and Esc1/Sir4 
interactions, Esc1/Sir4 two hybrid assays were conducted with the various Sir4 
truncations and point mutants generated and tested with IN. Two fragments of Esc1 were 
tested: a GAD-Esc1 C-terminal fragment (1361-1658) isolated in our two hybrid screen 
and a 34 amino acid region of Esc1 reported previously to interact with Sir4 (Andrulis, 
Zappulla et al. 2002). Esc1 1361-1658 failed to interact with N terminal truncations past 
971 and C-terminal truncations preceding 1080 (Figure 4). The smaller Esc1 fragment 
(1440-1473) had only slightly different requirements, failing to interact with N terminal 
truncations past 961 and C-terminal truncations preceding 1082 (Figure 4). This suggests 
that this small fragment of Esc1 is the primary region that interacts with Sir4. 
 
 
Figure 4. Esc1 interacts with the same region of Sir4 as IN. Yeast two hybrid assays measuring the 
interaction of two Esc1 fragments with various Sir4 truncations. Both fragments interact with the same 
region as IN. 
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We next tested Esc1 interactions with our collection of LexA-Sir4 mutants. Ten 
of the sixteen mutants failed to interact with the full length Esc1 C-terminus (Figure 5). 
Of the six that interacted, three (R975G, T957L/K1037E, and V987A) exhibited slow 
growth, indicating a weakened interaction. This effect was more evident on media 
containing higher concentrations of 3AT (data not shown). The shorter Esc1 fragment, 
1440-1473, failed to interact with R975G and T957L/K1037E, suggesting that these 
mutations disrupt Sir4-interactions within the 1440-1473 region (Figure 5). Mutant 
K1064M interacted as strongly as wild type Sir4 with either Esc1 fragment, and we 
conclude that this residue is specific for interaction with IN but is not needed for 
interaction with Esc1. Mutant K1050M/R1075G showed a slightly weaker interaction 
with Esc1 1440-1473, as evidenced by fewer colonies per spot compared to wild type; 
this is more obvious when grown on higher concentrations of 3AT (data not shown). 
Conclusions could not be drawn regarding the interaction of Esc1 1440-1473 with the 
alanine scanning mutants, because they were made in a shorter Sir4 fragment (971-1358), 
which failed to support an interaction at levels above the negative control. Collectively, 
the data show that Esc1 interacts with Sir4 in a fashion remarkably similar to that of IN 
and that the 34 amino acid Esc1 fragment encodes a strong Sir4-interacting region that 
behaves like the larger 1361-1658 C-terminus. 
 
 
Figure 5. Esc1 and IN interaction profiles with sir4 mutants are similar. Yeast two hybrid assays measuring 
the interaction of two Esc1 fragments with various Sir4 mutants. The majority of Sir4 mutants that fail to 
interact with IN also do not support interaction with either fragment of the Esc1 C-terminus. Slow growth 
of colonies expressing mutants R975G and T957L,K1037E suggests that interaction with the 34 amino acid 
fragment of Esc1 is important for establishing a stable interaction with Sir4. 
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Correlation of mitotic stability and interaction with Esc1 in sir4 mutants 
The region of Sir4 that interacts with IN and Esc1 has been shown to be involved 
in partitioning DNA to daughter cells during mitosis (Longtine, Enomoto et al. 1992; 
Ansari and Gartenberg 1997). This domain, referred to as PAD (partitioning and 
anchoring domain) spans residues 950-1262. Partitioning activity of PAD was 
demonstrated in assays in which a LexA-Sir4 PAD fusion was tethered to a plasmid 
without a centromere or 2 micron origin. Interaction of the Sir4 PAD with Esc1 allows 
the plasmid to be partitioned, and mitotic stability is measured by retention of a plasmid 
marker after cell division. While the full PAD is required for optimal partitioning, a 
smaller region (950-1150) retains partial partitioning capability; however, removal of an 
additional 100 residues from the N- or C-terminus of this smaller fragment reduces 
partitioning to background levels (Ansari and Gartenberg 1997). 
 We tested the sir4 mutants identified in the reverse two hybrid screen for their 
ability to confer mitotic stability to an otherwise unstable plasmid (Longtine, Enomoto et 
al. 1992; Ansari and Gartenberg 1997). The two mutants that strongly interacted with  
Esc1 1361-1658 (K1064N and K1050M/R1075G), partitioned at levels indistinguishable 
from wild type. Similarly, all five of the mutants that failed or showed weakened 
interactions with Esc1 in two hybrid assays showed significantly reduced levels of 
plasmid partitioning. The data obtained with F1076L and L984P/K1123R were 
inconclusive due to high standard deviations. In general, the ability of mutants to engage 
in yeast two hybrid interactions correlates well with their ability to efficiently partition 
plasmids.  
 
Sir4 mutants and targeted integration 
We next measured the ability of the Sir4 mutants to direct Ty5 integration to a 
target plasmid that has LexA-Sir4 proteins tethered to LexA operators. In this assay (Zhu, 
Dai et al. 2003), a plasmid-borne Ty5 under control of the GAL1 promoter is induced for 
transposition by growth on media containing galactose. A subset of Ty5  
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Table 1. DNA partitioning of sir4 mutants. Table 2. Targeting efficiencies of sir4 mutants 
LexA-Sir4  
(951-1358) 
Mitotic 
Stability 
Fold 
decrease 
 LexA-Sir4  
(951-1358) 
Targeting 
Efficiency 
Esc1 
interaction* 
Wild type 38.4 ± 7.4 1.0  Wild type  12.5 ± 3.4 +++ 
LexA 8.6 ± 2.6 4.5  R975G 8.33 ± 1.6 ++ 
R975G 10.8 ± 4.4 3.6  K1064N 14.4 ± 2.7 +++ 
S1031R 7.2 ± 3.4 5.3  T957L, K1037E 12.9 ± 2.8 ++ 
S1047P 7.8 ± 5.8 4.9  K1050M, R1075G 13.9 ± 2.4 +++ 
K1064N 35.3 ± 14.7 1.1  LexA - - 
F1076L 24.7 ± 18.2 1.6  S1031R 2.64 ± 0.6 - 
V1077G 7.0 ± 1.8 5.5  S1047P 0.14 ± 0.1 - 
T957L, K1037E 11.6 ± 3.6 3.3  F1076L 1.75 ± 0.5 - 
L984P, K1123R 18.4 ± 18.4 1.8  V1077G 4.02 ± 1.2 - 
K1050M, R1075G 27.8 ± 6.5 1.4  L984P, K1123R 3.72 ± 1.0 - 
    Wild type (971-1358) 9.37 ± 2.9 +++ 
    R975A 6.51 ± 0.5 +++ 
    L979A 9.2 ± 2.8 +++ 
    V987A 7.29 ± 3.0 ++ 
    L982A 7.92 ± 1.1 - 
    LexA - - 
    W974A 0.4 ± 0.2 - 
    W978A 0.26 ± 0.1 - 
    I985A 0.37 ± 0.2 - 
* Esc1 1361-1658 
 
insertions will occur on the target plasmid, and the ratio of target plasmids with and 
without a Ty5 provides a measure of targeting efficiency. Of the 16 mutants that failed to 
interact with Ty5 IN in two hybrid assays, eight showed a decrease in targeting efficiency 
greater than three-fold. Surprisingly, several of the mutants still targeted efficiently, some 
at levels equal to wild type (Table 2).   
 To better assess target specificity, the site of Ty5 integration was determined by 
DNA sequencing. Between seven and eleven independent transposition events were 
analyzed for each of several sir4 mutants (Figure 3). Even though these sir4 mutants 
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failed to interact with IN, all but one of the insertion patterns resembled wild type with 
90% of the insertions occurring within a window ±1000 base pairs flanking the LexA 
operators. This pattern held regardless of the mutant’s targeting efficiency. These results 
suggest that regions of IN or Sir4 other than those tested in the two hybrid assay interact 
and assist in mediating targeted integration. Alternatively, the IN/Sir4 interaction was not 
abolished by the mutation, but weakened below the threshold of detection by two hybrid 
assays.  
 The S1047P allele exhibited the greatest decrease in targeting efficiency and also 
showed the only significantly altered integration pattern. Of 11 insertions characterized, 
six occurred near the LexA operators, one occurred on the plasmid backbone, and the 
remaining four clustered near the plasmid’s autonomously replicating sequence (ARS). 
Adjacent to the ARS is an Abf1 binding site. At the telomeres, Abf1 recruits Sir4, and we 
tested the requirement of endogenous Sir4 for this alternative targeting pattern. Of seven 
insertions mapped in the absence of Sir4, two occurred near the lexA binding sites and 
the remainder appeared to have inserted randomly throughout the plasmid and were not 
associated with the ARS. This suggests that ARS-targeting is dependent on endogenous 
Sir4 and does not represent a secondary targeting mechanism that was unmasked in 
S1047P. This observation correlates with previous findings that show Ty5 preferentially 
integrates near X repeats, telomeric sequences that encode binding sites for the origin 
recognition complex and Abf1 (Zou, Kim et al. 1996). The effect of endogenous Sir4 on 
targeting efficiencies was tested for the remaining Sir4 mutants. Only mutant F1076L 
exhibited a significant decrease in targeting efficiency. F1076L displays the second 
lowest targeting efficiency, and it appears endogenous Sir4 supports the limited targeted 
transposition observed in this mutant.  
 
Ty5 transposition is not affected by loss of Esc1 
Of the sixteen sir4 mutants that failed to interact with IN, half still had targeting 
efficiencies comparable to wild type. A strong correlation was noted between the 
targeting efficiencies of these sir4 mutants and their ability to interact with Esc1 in yeast 
two-hybrid assays. In fact, seven of eight mutants that targeted efficiently also interacted 
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with Esc1 1361-1658, the exception being L982A (Table 2). This suggested a role for 
Esc1 in Ty5 targeting in the absence of a Sir4/IN interaction, perhaps serving as a co-
factor for targeted integration. 
 
Figure 6. Targeted integration specificities mediated by sir4 mutants. sir4 mutants target Ty5 insertions in a 
manner indistinguishable from wild type. 
 
To examine whether Esc1 was involved in Ty5 transposition, overall transposition 
frequencies and targeting efficiencies were monitored in esc1 mutants. Transposition 
frequencies were conducted in such a way so as to distinguish between cDNA 
recombination and integration, and targeting was measured to a tethered wild type LexA-
Sir4 fusion (Ke and Voytas 1999; Zhu, Dai et al. 2003). No significant differences 
between the esc1 mutant and wild type were observed for transposition, cDNA 
recombination or target specificity. One function of Esc1 is to tether telomeres to the 
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nuclear periphery, and we reasoned that Esc1 may mediate its effect on localizing Ty5 
targets to this specific nuclear compartment. Ty5 transposition frequencies 
wereconducted in such a way so as to distinguish between cDNA recombination and 
integration, and targeting was measured to a tethered wild type LexA-Sir4 fusion (Ke and 
Voytas 1999; Zhu, Dai et al. 2003). No significant differences between the esc1 mutant 
and wild type were observed for transposition, cDNA recombination or target specificity. 
One function of Esc1 is to tether telomeres to the nuclear periphery, and we reasoned that 
Esc1 may mediate its effect on localizing Ty5 targets to this specific nuclear 
compartment. Ty5 transposition frequencies were therefore also measured in strains 
lacking the redundant telomere tethering factor, Ku70, as well as in esc1, ku70 double 
mutants. Neither the single nor double mutants showed much difference in overall 
transposition frequencies, relative levels of cDNA recombination or target specificity.  
 
Table 3. Ty5 targeting in the absence of nuclear periphery proteins 
   Fold decrease from WT Sir4 
LexA-Sir4 WT sir4Δ esc1Δ ku70Δ 
esc1Δ 
sir4Δ 
esc1Δ 
ku70Δ 
951-1358 wild type 1 1 1 1 1 1 
R975G 1.5 2.0 1.8 1.4 1.0 1.8 
K1064N 0.9 0.9 1.2 0.8 1.0 0.8 
T957L, K1037E 1.0 1.1 1.6 1.2 1.1 N.D. 
K1050M, R1075G 0.9 1.5 1.1 0.6 1.1 1.1 
971-1358 wild type 1 N.D. 1 1 1 1 
R975A 1.4 N.D. 1.2 1.1 1.2 1.3 
L979A 1.0 N.D. 0.7 1.0 1.4 1 
 
 While no difference in target specificity was observed to tethered wild type Sir4, 
we next tested sir4 mutants capable of targeting integration for their ability to target 
integration in a strain lacking Esc1. None of the mutants tested showed a significant 
  
32 
change in targeting in the absence of Esc1, suggesting that Esc1 itself does not mediate 
targeting in the absence of a Sir4/IN interaction, and only the ability to interact with Esc1 
correlates with the ability to target integration. Targeting of these mutants also did not 
change when either Sir4 or both Esc1 and Sir4 were absent, showing that the ability of 
some sir4 mutants to mediate targeting is not dependent on either of these proteins. 
 
Similarities between the C-termini of Ty5 IN and Esc1 
In addition to similarities in their Sir4-interaction profiles, the C-termini of IN and 
Esc1 share common features at the amino acid sequence level. First, the PAD domain of 
Esc1 (1395-1551) is serine and proline rich (11.9% and 9.3%, respectively), a feature 
shared with the Ty5 IN C-terminus (934-1131, 11.6% serine and 7.1% proline) and the 
integrase C termini of other retrotransposons of the Ty1/copia family (Peterson-Burch 
and Voytas 2002). This amino acid sequence composition is well above the average for 
proteins in the UniProtKB database (254609 sequence entries), which average 6.82% 
serine and 4.82% proline. In addition, we noticed that the 1440-1473 fragment of Esc1 
encodes a sequence motif (1448-1453, LPSDPP) that has three of the four residues in 
Ty5 TD that are required for targeted integration. An alignment of Esc1 homologues 
from five different yeast species showed that this motif is located in a block of 13 highly 
conserved residues, suggesting this region plays an important role in Esc1 function 
(Figure 7A).  
 Ty5 TD alone can interact with Sir4 in two hybrid assays. To determine the 
minimal fragment of Esc1 1440-1473 capable of interacting with Sir4, we tested Gal4 
binding domain (GBD) fusions of the 13 amino acid conserved domain, nine amino acids 
that included the TD-like motif (LPSDPPSDK), and two alanine point mutations 
(S1450A and D1451A) of the 34 amino acid fragment for interaction with GAD-Sir4. Of 
all the proteins tested, only GBD-Esc1 (S1450A) failed to interact with Sir4. All proteins 
were expressed well, including the S1450A mutant (Figure 7B and C). This indicated that 
within this conserved domain, Esc1 encodes a TD-like motif capable of interacting with 
Sir4 and that the serine at position 1450 is critical for interaction with Sir4. 
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 We tested the ability of these GBD-Esc1 fragments and point mutants to nucleate 
heterochromatin in a manner similar to TD. When tethered adjacent to an HMR silencer 
with mutations in cis-acting sequences important for silencer function, TD can nucleate  
 
 
Figure 7. Esc1 encodes a conserved TD-like motif. (A) An alignment of Esc1 homologues from various 
species of Saccharomyces. The region of the 34 amino acid fragment (1440-1473) is shown and contains a 
conserved block of 13 residues (1443-1455). Also marked are the nine residues containing a motif similar 
to TD (1448-1456). (B) Yeast two hybrid assays demonstrating interaction of GAD-Sir4 with GBD fusions 
of the respective Esc1 protein fragments. (C) Immunoblot of GBD-Esc1 proteins showing all GBD fusions 
are expressed at or above wild type levels. GBD-TD is included for reference. Total protein load is shown 
by the amido black-stained membrane below. 
 
heterochromatin and silence expression of a TRP1 reporter gene integrated at the HMR 
locus of a reporter strain (Chien, Buck et al. 1993; Xie, Gai et al. 2001) .  The extent to 
which cells grow on media lacking tryptophan reflects the ability of the expressed GBD 
fusion protein to nucleate factors of heterochromatin (Figure 8A). Consistent with the 
yeast two hybrid assays, the S1450A mutant was the only Esc1 construct unable to 
establish heterochromatin, presumably due to its lack of interaction with Sir4 (Figure 
8B). Collectively, we conclude that the conserved region of Esc1 1443-1455 and the TD-
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like motif it encodes can nucleate silent chromatin, closely resembling the 
heterochromatin-nucleating ability of TD. 
 
Esc1 1440-1473 is a phosphoprotein 
The addition of a phosphate to the second serine of the Ty5 IN targeting domain 
is necessary for efficient IN/Sir4 interaction and targeted integration. Due to the many 
similarities between Esc1 and IN, we questioned whether Esc1 1440-1473, like TD of IN, 
was a phosphoprotein. This fragment of Esc1 was expressed as a dual-tagged fusion 
protein in yeast and subjected to mass spectrometry after purification. Analysis by Maldi-
TOF showed a mono and di-phosphorylated form of the peptide in addition to the 
unmodified form, indicating that this region of Esc1 can be phosphorylated in vivo and 
that Esc1 1440-1473, like TD, is post-translationally modified. 
 
 
Figure 8. Minimal fragments of Esc1 and IN nucleate heterochromatin. (A) A representation of the 
heterochromatin nucleation assay with GBD-TD represented at the upstream activation sequence (UAS) 
binding site of GBD. The silencer is indicated on the left with wild type elements in upper case and 
defective elements in lower case (A, ARS consensus sequence; E, Rap1 binding site; B, Abf1 binding site). 
(B) Heterochromatin nucleation assays in cells with or without UAS binding sites and different 
combinations of defective silencer elements. Cells were serially diluted prior to spotting onto non-selective 
and selective media.  
 
 
  
35 
Functional equivalence of IN and Esc1 domains 
Given the similar interaction requirements of IN and Esc1 with Sir4 and the 
existence of small Sir4 interacting motifs in both proteins, we hypothesized that these 
domains are functionally equivalent and therefore able to functionally substitute for one 
another. The surprising modularity of the TD was shown previously when small peptide 
ligands were used to replace TD and redirect Ty5 integration to plasmids displaying a 
tethered ligand binding partner (Zhu, Dai et al. 2003). The high degree of conservation of 
Esc1 residues 1443-1455, however, suggested it may not share the modular properties 
observed for TD. 
 To test whether Ty5 TD and the conserved region of Esc1 were 
functionally equivalent, a domain swap was performed by replacing a TD-containing 
region of Ty5 with the conserved region of Esc1 (1443–1455) or the TD-like motif in this  
 
Figure 9. Esc1 1440-1473 is phosphorylated. Purified Esc1 protein was subjected to Maldi-TOF mass 
spectrometry analysis. Circled peaks represent, from left to right, unphosphorylated, mono, and di-
phosphorylated Esc1 peptides. 
 
region (LPSDPP). S1451A mutations were introduced into both Ty5-Esc1 chimeras and 
tested along with the wild type versions for targeted integration using our tethered 
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targeting assay. A target plasmid lacking LexA operators was used as a negative control. 
As expected, both chimeras with wild type Esc1 sequence targeted as well as wild type 
Ty5. Similar results for both S1450A mutant chimeras, however, were unexpected 
(Figure 10). These results indicate that while this mutation disrupts interaction with Sir4 
in yeast two hybrid assays, it has no effect when place in the context of the Ty5 IN 
protein. 
The reciprocal swap was also performed, replacing Esc1 1443-1455 with TD-
containing sequence from Ty5 or an equivalently sized region of GST predicted to have a 
similar structure to the Esc1 motif. A C-terminal polyhistidine epitope was added to 
monitor protein levels. These Esc1 chimeras were introduced into an esc1Δ strain on 
single copy plasmids and tested for their ability to partition DNA as previously described. 
Replacement of the conserved region of Esc1 with GST abolished all partitioning 
 
 
Figure 10. Targeting efficiencies of chimeric Ty5 elements. Ty5 elements containing wild type or mutant 
Esc1 sequence in place of TD were tested for the ability to target integration using the tethered targeting 
assay described previously. 
 
activity, indicating this Esc1 domain as essential for DNA partitioning. Despite TD being 
the only Ty5 sequence with similarity to this highly conserved Esc1 domain, the TD-
containing Esc1 chimera remarkably retained low, but significant, levels of DNA 
partitioning. The ability of these domains to functionally replace one another confirms 
their equivalency and supports the hypothesis of Ty5 targeting by an IN-Sir4 interaction 
that mimics a conserved mechanism for partitioning DNA during mitosis. 
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Figure 11. DNA partitioning efficiencies of chimeric Esc1 proteins that contain Ty5 TD or GST sequences. 
The exchanged sequences are highlighted, with the wild type IN and Esc1 proteins shown above. The 
presence of absence of LexA operators on the marker plasmid is indicated (+/-).  
 
Discussion 
Retroelement replication requires extensive use and manipulation of host cell 
machinery. For the yeast retrotransposon Ty5, integration into regions of heterochromatin 
is a selective process mediated by the interaction of IN with Sir4. We hypothesized that 
Ty5 IN did not evolve a unique Sir4-interacting domain, but instead mimics an existing 
Sir4 interacting protein. Such mimicry predicts that the two proteins would interact with 
Sir4 in a similar fashion.  
 
Characterization of the Sir4/IN interaction 
To measure how similar other host factors were to IN, we first established criteria 
for the interaction of IN with Sir4. Using yeast two hybrid assays to measure interaction 
between these proteins, we generated Sir4 N- and C-terminal deletions and mapped the 
interaction boundaries of Sir4 to between residues 971 and 1082. We also generated Sir4 
mutants that failed to interact with IN using a combination of directed alanine scanning 
and random mutagenesis approaches. Although we cannot rule out the possibility of 
mutation-induced misfolding of these Sir4 mutants, all were expressed at levels 
comparable to wild type. 
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Sir4 mutants vary in their ability to partition DNA and target integration 
Sir4 interacts with many proteins to facilitate cellular processes, such as DNA 
partitioning, heterochromatin formation, and targeted integration of Ty5. To investigate 
whether any of our sir4 mutants failed to function in any of these roles, we used two 
previously described assays : a mitotic stability assay for measuring DNA partitioning 
(Ansari and Gartenberg 1997) and a tethered targeting assay to measure Ty5 target 
specificity (Zhu, Dai et al. 2003). For the former assay, Sir4 is tethered at LexA operators 
on an unstable plasmid, and partitioning to daughter cells occurs in an Esc1-dependent 
manner. Five of nine sir4 mutants showed background levels of partitioning, two showed 
highly variable partitioning, and two consistently partitioned at near wild type levels.  
The tethered targeting assay measures the percentage of transposition events that 
occur on a target plasmid. This plasmid contains four tandem LexA operators to which 
LexA-Sir4 fusions bind and direct Ty5 integration to these sites. Although none of the 
sir4 mutants we generated interacted with IN by yeast two hybrid assays, half of them 
still retained the ability to target integration at levels close to wild type. A strong 
correlation was noticed between the ability of a mutant sir4 protein to target integration 
and its ability to interact with Esc1. Of the eight LexA-sir4 mutants that still sustained 
targeted integration, seven of them interacted with Esc1 by yeast two hybrid assays. We 
questioned whether Esc1 could be involved in mediating integration. To distinguish 
between a need for Esc1 versus other factors involved in DNA localization also present at 
the nuclear periphery, we measured levels of targeting in strains lacking Esc1, Sir4, and 
Ku70, a DNA repair and chromatin-anchoring protein essential for localization of 
telomeres to the nuclear periphery (Laroche, Martin et al. 1998). Strains lacking a 
combination of Esc1/Sir4 or Esc1/Ku70 were also tested. Targeting in all of these 
backgrounds remained unchanged, indicating none of these nuclear periphery proteins are 
needed for targeting or integration in this assay. The correlation of targeting and the 
ability to interact with Esc1 could stem from the ability of Sir4 to recruit an 
uncharacterized Esc1-like protein that is involved in integration. Alternatively, 2 micron 
plasmid localization to the nuclear periphery may remain unchanged in these genetic 
backgrounds, negating the need for chromatin anchoring factors. 
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 Because transposition involves a full length Ty5 element, it is possible that 
regions of IN that were not included in the GAD-fusion protein used for yeast two hybrid 
assays could also mediate sufficient interaction for targeted integration. The correlation 
of targeted integration and the ability to interact with Esc1, however, suggests other 
factors may be involved. For example, a complex of proteins may be involved in Ty5 
targeting with Sir4 being the nucleating protein for this complex. Interaction with Sir4 
may be crucial for bringing Ty5 in close proximity with other proteins located at sites of 
Sir4 localization. Targeting was unaffected in the deletion strains we tested, but the 
possibility remains that other factors, likely localized at the nuclear periphery, could 
somehow compensate for a weakened Sir4/IN interaction.  
 
Comparison of Esc1 and IN 
To find host factors that IN may imitate in its interaction with Sir4, we isolated 
Sir4-interacting proteins in a genome-wide yeast two hybrid screen (using Sir4 951-1358 
as bait) and screened them for an interaction profile similar to that of IN. This was 
accomplished using Sir4 truncations that lacked the PAD or coiled coil domains or that 
contained a point mutation known to disrupt Sir4/IN interaction by yeast two hybrid 
assays. Of the five candidate proteins tested, only Esc1 proved to depend on the PAD 
domain for interaction and failed to interact with the sir4 point mutants, a profile 
matching that of IN. The C-terminus of Esc1 is known to interact with the PAD domain 
but does not require the coiled coil of Sir4 (Andrulis, Zappulla et al. 2002). This same 
study reported that 100 amino acid deletions beyond 950-1150 disrupted interaction with 
Esc1. We reasoned that the actual interaction boundaries may be smaller and more 
closely resemble those of IN. Using yeast two hybrid assays to measure binding of Esc1 
and our collection of Sir4 N- and C-terminal truncations, this was shown to be true, and 
the interaction boundaries of the Esc1 C-terminus were found to be nearly identical to 
those of IN (971 and 1080 versus 971 and 1082, respectively). We also asked whether 
Esc1 could interact with the same Sir4 mutants that failed to interact with IN. Of 16 
mutants tested, ten also failed to interact with Esc1 (1368-1658). Of the six that did 
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interact, three showed a slow growth phenotype, likely resulting from a weakened 
interaction with Sir4. 
 The strong correlation of interaction requirements of both Esc1 and IN led us to 
further characterize the interaction between Esc1 and Sir4. To determine whether a 
smaller region of Esc1 was primarily responsible for interacting with Sir4, we tested a 
small region of 34 amino acids previously reported to interact with Sir4 (Andrulis, 
Zappulla et al. 2002) using our collection of Sir4 deletions and various mutants. This 
fragment interacted with Sir4 in a near-identical fashion to that observed with the larger 
Esc1 C-terminal fragment, exhibiting N and C-terminal interaction boundaries of 961 and 
1082. It also failed to interact with seven of the nine Sir4 mutants tested, interacting 
strongly with the same two mutants as the larger C-terminal fragment. In addition, a 
correlation between the ability of a Sir4 mutant to interact with this small Esc1 fragment 
and its ability to reliably partition DNA was observed. This indicates that the ability of 
Sir4 to interact with this small region of Esc1 determines the efficiency of DNA 
partitioning during mitosis. Together, these data suggest that Esc1 1440-1473 is a major 
Sir4-interacting region of the Esc1 C-terminus and that IN interacts with Sir4 in the same 
fashion as Esc1.  
 
A minimal Sir4-interacting region of Esc1 nucleates heterochromatin  
The targeting domain of IN consists of six amino acids, four of which are 
essential for targeting (L_SS_P). Aligning homologues of Esc1 from five different yeast 
species showed Esc1 (1440-1473) to contain a highly conserved block of 13 residues, 
inside of which resides a sequence very similar to that of TD (1448-1453, LPSDPP). This 
entire region of 13 conserved residues was sufficient for interaction with Sir4 by yeast 
two hybrid assays and was not dependent on endogenous Sir2, Sir3, or Sir4 (data not 
shown). Although alanine substitutions in this region (S1450 and D1451) or removing the 
first five residues disrupted this interaction in wild type, sir2Δ, and sir3Δ strains, 
interaction was partially restored for all of these constructs when endogenous Sir4 was 
removed. This indicates competition of endogenous Sir4 for these GAD-Esc1 proteins 
and that these smaller Esc1 fragments still retain Sir4-interacting properties. All of these 
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small fragments of Esc1were also shown to recruit silencing factors in a manner similar 
to that of TD when bound adjacent to a mutated silencer. These data demonstrate that the 
ability of Esc1 1443-1455 to interact with Sir4 and nucleate heterochromatin mirrors that 
of IN and its Sir4-interacting domain TD. 
 
Functional equivalence of IN and Esc1 domains 
To determine if the IN and Esc1 domains that interact with Sir4 encode equivalent 
functions in vivo, we exchanged them by replacing TD (LDSSPP) with the 13 amino acid 
motif from Esc1 and vice versa. Targeting of the chimeric Ty5 elements was found to be 
indistinguishable from wild type, indicating that substitution of Esc1 residues in place of 
TD efficiently targets Ty5 integration. Although the S1450A mutation weakens yeast two 
hybrid interaction of Esc1 with LexA-Sir4 in a sir4Δ strain, it has no detectable effect 
when placed in the context of the IN protein. The chimeric Esc1-TD protein still 
functioned to partition plasmids above background levels while substituting sequence 
from GST instead of TD reduced partitioning to background levels. The inability of Esc1-
GST to partition plasmids supports data indicating this region as being critical to DNA 
partitioning and shows conclusively that IN and Esc1 share functionally equivalent 
domains, regions that are essential to the function of both proteins and that are crucial in 
mediating interaction with Sir4.  
The equivalence of these two domains raises many important questions regarding 
both Esc1 and IN. Phosphorylation of IN has been shown to be required for proper 
interaction with Sir4 and targeted integration. Is the Esc1-Sir4 interaction regulated in a 
similar manner? Is this conserved domain of Esc1 the only region regulating this 
interaction? The kinase responsible for regulation of Ty5 targeting is not yet known. 
Does the same kinase act on both proteins? The need for regulating interaction between 
Esc1 and Sir4 is likely needed during cell division. What is the timing of this regulation 
and how may it relate to the integration of a mobile element? Is Ty5 transposition optimal 
during a particular phase of the cell cycle? If so, how would IN be held in check until the 
time is right for integration? Gaining answers to these questions is the subject of ongoing 
research. Of particular interest will be the identification of the kinase that phosphorylates 
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TD. This kinase, along with the parallels between Esc1 and IN in recognizing Sir4 will 
make it possible to further probe this interesting relationship between the Ty5 
retrotransposon and its host.  
 
Materials and Methods 
 
Yeast Strains and Media 
Complete supplement mixtures from BIO101 Systems were used for yeast growth 
under selective conditions. YPH499 or isogenic strains with gene deletions were used in 
the tethered targeting and mitotic stability assays. Esc1, Ku70, and Sir4 deletions were 
performed by the one step gene knockout method (Ausubel 1987), using plasmids 
pFA6a-hphNT1 and pFA6a-KANMX to amplify fragments containing genes for 
Hygromycin B and G418 resistance, respectively. Deletions were confirmed by 
phenotypic growth and PCR analysis. The yeast two hybrid reporter strain L40 was used 
for measuring protein-protein interactions with LexA-Sir4 by spotting serial dilutions of 
an overnight culture on media lacking histidine and supplemented with 1mM 3AT to 
reduce background. Strain PJ69 (James, Halladay et al. 1996) was used to measure 
interaction of GBD-Esc1 proteins with GAD-Sir4 in a similar manner. Strains YSB1, 2, 
35, and 41 for monitoring nucleation of heterochromatin are described elsewhere (Chien, 
Buck et al. 1993). Strain JTY142 (MATa his3-Δ200, ura3-52, trp1Δ63, leu2Δ1, can1, 
prb1-Δ1.6R, pep4::HIS3) was used for expression and purification of GST-Esc1-6HIS 
proteins. All cultures were grown at 30C unless noted otherwise. 
 
Plasmid Construction 
LexA-Sir4 constructs were made by PCR amplication using as template a LexA-
Sir4 (950-1358) plasmid described previously (Ansari and Gartenberg 1997). PCR 
products were digested with EcoRI/BglII and ligated into the EcoRI/BamHI sites of 
pBTM116 (Moretti, Freeman et al. 1994).  A primer-encoded six-histidine tag was added 
to the C terminus of these 1440-1473 constructs. GAD-Esc1 () were made by annealing 
complementary primers and ligating into the BamHI/XhoI and SalI/XhoI sites, 
  
43 
respectively, of pGAD-C1. GBD-Esc1 plasmids were generated by digesting GAD-Esc1 
plasmids (made by PCR amplification or primer annealing followed by ligation into 
EcoRI/BamHI for 1440-1473 constructs or BamHI/XhoI and SalI/XhoI sites of pGAD-
C1 for 1443-1455 and 1448-1456 constructs, respectively) with EcoRI/EcoRV and 
ligating into EcoRI/MscI of pGBD-U (James, Halladay et al. 1996). GAD-Sir4 (950-
1358, pJB67) was made by moving the Sir4-containing EcoRI/PstI fragment from 
pYZ127 into the same sites of pYZ277, a LEU2-marked version of pBTM116. To make 
pYZ277, a TRP1-containing PstI/PvuII fragment of pGBD was cloned into the same sites 
of pGAD-C1. Chimeric Ty5 and Esc1 plasmids were made using four primer PCR to 
introduce the desired sequences and cloned into the BspEI/PflMI sites of Ty5 (pTB60). 
pTB60, a derivative of pDR14, was created by cloning the BspEI/NotI fragment of 
pWW32 to tag IN with an RGS6HIS sequence to create pTB32. The XhoI/NotI fragment 
of pTB32 was then moved into pRS426 to create a 2um based, IN-tagged Ty5 to facilitate 
analysis of IN protein levels. Chimeric his-tagged Esc1 constructs were made by cloning 
4 primer PCR products into ApaI sites of pDZ45, a centromeric plasmid containing the 
entire Esc1 reading frame and reported to restore portioning to esc1Δ cells (Andrulis, 
Zappulla et al. 2002). Addition of a 15 histidine tag was added to the very C terminus to 
monitor protein levels. LEU2-marked target plasmids for the tethered targeting assay 
were made by ligating a 4 kb BglI/NsiI, LEU2-containing fragment from pRS425 into a 
10.3 kb, BglI/NsiI-gapped pYZ316 and 317 (REF) to create pCS434 and pCS430 
containing 4 and 0 tandem LexA operators, respectively. To create a suitable plasmid for 
generating a LexA-Sir4 mutant library by recombination in yeast, pCS439 was made by 
substituting silent mutations into pYZ127 (LexA-Sir4 950-1358) at Sir4 residues K971 
and R1331 to introduce SacI and PpuMI sites, respectively. All plasmids constructed 
using PCR were verified by sequencing. 
 
Yeast Two-Hybrid screens and interactions 
Isolation of Sir4 mutants was performed by construction of a mutant LexA-Sir4 
library using mutagenic PCR conditions described previously (Cadwell and Joyce 1994). 
Briefly, PCR amplified Sir4-6HIS was used as template for amplification with oligos 
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dvo3608 and 3609. Polymersase from Eppendorf (Triple Master, 5 units) was used in a 
100 µL reaction containing final concentrations of 7 mM MgCl2, 0.5 MnCl2, with dATP 
and dGTP at 0.2 mM and dCTP and dTTP at 1mM. After a two minute denaturation step 
at 94 C, 20 cycles were performed under the following parameters: 94C 20sec, 55C 
20sec, 68C 90sec, and completed with a ten min incubation at 68C. Mutagenized Sir4 
fragments were recombined into a gapped pCS439 plasmid (SacI/PpuMI) and plated on 
media selecting only for the presence of the bait and prey plasmids. Transformants were 
stamped after two days growth at 30C to selective media lacking histidine and scored for 
growth defects after two to three days incubation. Candidates were streaked onto SC-LT 
+ dextrose, inoculated into 96 well plates, and retested for loss of interaction with Sir4 by 
replicating to selective media. Colonies unable to interact were subjected to colony PCR 
using primers annealing to the LexA plasmid to detect the presence of a Sir4 insert. 
Reactions giving no PCR product were repeated to minimize false negatives. The 
remaining pool of candidates was then screened by immunoblot analysis to detect 
nonsense mutations or unstable Sir4 proteins. Plasmids were rescued from yeast by the 
glass bead method (Ausubel 1987) and sequenced. 
 
Measurement of Plasmid Segregation 
Mitotic Stability was measured as described previously (Ansari and Gartenberg 
1997), with the exception of cell growth in 96 well plates at 30C until cultures reached 
late log density (36-48 hours). Segregating properties of chimeric Esc1 proteins were 
performed in like manner, but with the addition of a LEU2 marked Esc1-containing 
plasmid encoding either wild type HIS-tagged Esc1 (pTB227) or TD (pTB223) or GST 
(pTB225)-containing derivatives of pTB227. Cells were assayed in the same manner with 
the exception of being grown in SC –TLU and plated to SC-TL and SC-TLU + dextrose. 
 
Tethered targeting and transposition 
Targeted integration of Ty5 was measured using a modified version of the 
published protocol (Zhu, Dai et al. 2003). Briefly, cells containing a Ty5 (URA3), LexA-
Sir4 (TRP1), and target plasmid (pCS430 or 434, LEU2) were grown overnight in 96 well 
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plates in selective media containing glucose. Cells were resuspended and approximately 
80 µL were spotted onto selective agar media containing 2% Galactose and 0.5% 
Raffinose. Cells were allowed to grow three days at room temperature (22C). Plates were 
replica-plated to SC-LH + dextrose to select for the target plasmids and transposition 
events and grown for two to three days at 30C. Resulting colonies were then scraped, 
resuspended in 5 mL of liquid SC-LH + dextrose and refreshed overnight. The following 
day cells were pelleted, washed once with water, and plasmids recovered using the glass 
bead method (Ausubel 1987). 2µL of plasmid-containing supernatant was used to 
transform 100 µL of the hisB deficient E.coli strain eDW335 and cells were allowed to 
recover in 1.5 mL SOC media for 45-50 minutes at 37C with shaking. 500 µL of LB + 
Chloramphenicol (Chlr, 100 µg/mL) was then added and cells were grown an additional 
three hours. Cultures were transferred to 2 mL microcentrifuge tubes, pelleted one minute 
at 8,000xg, washed with one mL of water, and pelleted again. The resulting pellet was 
resuspended in water and plated to LB + Chlr (20µg/mL) with a ten-fold greater volume 
being plated to M9 + Chlr. Plates were incubated one to three days before counting.  
 
Heterochromatin nucleation studies 
Yeast strains YSB1, 2, 35, and 41 were transformed with plasmids encoding 
GBD-Esc1 fragments and single colonies were grown overnight in SC-U + dextrose to 
saturation. Serial ten-fold dilutions were replicated to SC-U or SC-TU media and grown 
2 to 3 days at 30C to monitor respective levels of silencing at the HMR locus. 
 
Protein analyses 
Cultures were grown in selective media to mid log phase (OD1-2), pelleted, 
washed with water, and the pellet frozen immediately at -20C. Cells were prepared for 
analysis by resuspending the pellet in 2x sodium dodecyl sulfate (SDS) sample buffer 
(Ausubel 1987) to equal ~6x107 cells/5µL and boiling 5 minutes using a thermocycler. 
Between 3-6x107 cells worth of lystate was separated by denaturing polyacrylamide gel 
electrophoresis. Protein levels were analyzed by immunoblotting with antibodies 
recognizing a penta-histidine epitope (Qiagen), GBD (Santa Cruz Biotechnology), or 
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LexA (Upstate) at 3,000, 1,000, and 10,000 fold dilutions in TBSTT + 3%, 3%, and 5% 
milk, respectively. HRP-conjugated secondary antibodies recognizing IgG antibodies 
from mouse or rabbit were used at 5,000 and 10,000 fold dilutions in respective solutions 
of TBSTT + milk. Proteins were detected using ECL Western Blotting Detection 
Reagents (Amersham). Mass spectrometry was perfomed at the Roy J. Carver Co-Lab 
Proteomics Facility on proteins purified from cell lysates generated using the glass bead 
method (Ausubel 1987). GST-Esc1-6HIS expression was induced by addition of 
galactose and cultures were allowed to reach late mid to late late phase before harvesting. 
Esc1 proteins were purified by nickel chelate chromatography following by a second 
purification using agarose beads with covalently linked glutathione. The resulting eluate 
was digested with thrombin protease to remove GST and purified again by nickel chelate 
chromatography. The resulting eluate was subjected to mass spectral analysis 
 
Protein Alignments 
Homologues of Sir4 and Esc1 were obtained by tBLASTn searching using the 
Sir4 PAD domain (aa950-1250) and Esc1 C terminus (aa1395-1551). Protein sequences 
were aligned using ClustalX and shaded in black and white using the program Boxshade 
version 3.21. 
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ACTIVITY AND THE PRODUCTION OF CDNA BY REVERSE 
TRANSCRIPTASE 
 
 
 
A paper in preparation for publication 
 
Robert A. Dick and Daniel F. Voytas 
 
 
Abstract 
The Saccharomyces cerevisiae long terminal repeat retrotransposon Ty5 serves as a 
model for understanding how retroelements identify chromosomal integration sites. The 
C-terminus of Ty5 integrase (IN) contains a six amino acid targeting domain (TD) that 
tethers IN to chromosomal sites occupied by the silent information regulator 4 (Sir4) 
protein. Employing a reverse two-hybrid assay, we identified 10 amino acids in IN, 
which when mutated, abrogate the IN/Sir4 interaction in vivo. Characterization of the 
transposition phenotype of these mutants revealed two functions for the IN C-terminus. 
Mutations N954D, K968E, V989G, L993P, A1104D, and I1109N were completely 
integration defective and appear to be involved in cDNA production, perhaps through 
communication with reverse transcriptase. Mutations S966G, E1008V, Q1050R, 
R1051G, and V1067M produced cDNA, but appear to be involved in catalysis of cDNA 
integration into yeast chromosomes. Two other mutations were identified, one in the N-
terminus of RT (I1109N) that failed to interact with Sir4, and another (A1104D) at the 
likely protease cleavage site that separates IN and RT. Ty5 elements expressing the 
A1104 mutation produced a IN-RT fusion protein. Our results provide evidence for roles 
of Ty5 IN beyond targeting and further suggest that RT plays a role in the Sir4/IN 
interaction. 
 
Introduction 
The long terminal repeat (LTR) retrotransposable elements are closely related to 
retroviruses and exist in the genomes of most organisms surveyed to date. LTR 
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retrotransposons belong to class I transposable elements, and are characterized by a life 
cycle that employs the use of reverse transcriptase (RT) to copy an element RNA into 
cDNA (McClure 1993). RT is encoded by the retrotransposon pol gene, and other 
enzymatic activities encoded by pol include a protease (PR), which processes the element 
proteins, and an integrase (IN), which inserts the cDNA into the genome (Craig 2002). 
LTR retrotransposons also have a gag gene, the product of which assembles the RNA 
transcript and pol gene-products into virus like particles (VLPs). A significant difference 
between retrotransposons and retroviruses is that retrotransposons lack an envelope (env) 
gene . Env encodes the proteins that form the viral envelope, and this allows the virion to 
bud from and fuse with cellular membranes; Env thereby mediates infectivity (Coffin 
1997).  
 S. cerevisiae is the premier model organism for studying LTR retrotransposon 
biology. The genome of S. cerevisiae contains five families of LTR retrotransposons, 
Ty1-Ty5, which comprise approximately 3.1% of the yeast genome (Kim, Vanguri et al. 
1998). All five elements are highly selective in choosing sites of integration. Based on the 
genome sequence, Ty1, Ty2, Ty3, and Ty4 insertions are entirely non-random, with 
greater than 90% occurring upstream of RNA polymerase III transcribed genes 
(principally upstream of tRNA genes) (Kim, Vanguri et al. 1998). Ty5 insertions, on the 
other hand, are found primarily in heterochromatin-like domains of the S. cerevisiae 
genome (Zou, Wright et al. 1995). It has been suggested that upstream regions of tRNA 
genes and heterochromatin provide safe havens for Ty elements to persist in the genome 
without causing deleterious genetic damage (Kim, Vanguri et al. 1998).  
Increasing evidence indicates that the integrase protein of retroviruses and 
retrotransposons is responsible for target site selection. The IN of LTR retrotransposons 
and retroviruses contains three domains: the N-terminal domain is a zinc-finger that 
presumably binds DNA; the central part of the protein is the catalytic core consisting of 
conserved acidic residues Asp, Asp, and Glu (Jacobo-Molina, Ding et al. 1993); the C-
terminus is poorly conserved (Craig 2002), and mounting evidence suggests that the C-
terminal domain of IN determines integration site specificity. In most cases, it appears 
that the C-terminus mediates target site choice by tethering integrase to regions of the 
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genome through interactions with specific DNA-bound proteins (Bushman 2003). The IN 
of HIV interacts with the mammalian cell protein p75 (lens epithelium-derived growth 
factor (LEDGF)) and this interaction appears to be required for HIV’s preference to 
integrate into actively transcribed genes (Llano, Saenz et al. 2006).  
The best example of the role for the IN C-terminus in target site choice comes 
from the study of Ty5. Ty5 inserts preferentially into heterochromatin at telomeres and 
the HML and HMR loci due to an interaction between the IN C-terminus and the silent 
information regulator (Sir4) (Xie, Gai et al. 2001). More specifically, the Ty5 IN C-
terminus interacts with the partitioning and anchoring domain (PAD) of Sir4 (aa 950-
1262) (Gai and Voytas 1998). Single amino acid substitutions in conserved residues of 
the Sir4 PAD domain decrease integration efficiency and targeting of Ty5 (Brady 2007). 
Of critical importance for Ty5 target specificity is a short domain of integrase (the 
targeting domain, TD) that consists of amino acid residues LDSSPP (Xie, Gai et al. 
2001). Most mutations in either of the serine residues abolish target specificity (Dai 
2007). Host mediated phosphorylation of the TD was found to occur on S1095 and is 
required for interaction with Sir4 and targeted integration (Dai 2007).  
 The targeting domain of Ty5 IN represents only six amino acids in the >200 
amino acids that make up the Ty5 IN C-terminus. To better understand the role of the 
Ty5 IN in target specificity, random mutagenesis was conducted to identify amino acid 
residues that are involved in the IN/Sir4 interaction. IN mutations upstream and 
downstream of the TD were found to abrogate the IN/Sir4 interaction in the yeast two-
hybrid assay. Single mutations were cloned into full-length Ty5 and their effect on IN, 
RT, and Gag protein levels was tested.  All mutant proteins were found to be stable 
except for A1104D, which was defective for both IN and RT and may be impaired in 
protein processing. Interestingly, six of the mutants were transposition defective and six 
showed integration levels varying from greater than to less than wild type. The effect on 
transposition suggests that an interaction with Sir4 is critical for Ty5 IN catalytic activity. 
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Materials and methods 
 
Identifying integrase mutants 
 PCR was used to generate random mutations in the IN C-terminus (aa 933-1131) 
(Cadwell 1994). A mutant library was generated by cloning the mutagenized fragments 
into plasmid pYZ97 at restriction sites BamHI and AatI. The pYZ97 library was 
transformed into yeast strain L40 (Hollenberg, Sternglanz et al. 1995) that contains 
pYZ127. Plasmid pYZ127 expresses LexA-Sir4 (Ansari and Gartenberg 1997). IN 
mutants that affected the interaction with Sir4 were identified as colonies that failed to 
grow in the absence of histidine. Plasmids from such colonies were rescued and plasmid 
DNA was isolated. Colony PCR using primers dvo1068 
(GGAATTAATTCCCGAGCCTCCAA) and dvo1158 
(GCGGGGTTTTTCAGTATCTACGATTC) was performed to eliminate plasmids 
lacking the IN insert (false positives). The remaining non-interactors were sequenced 
using primer dvo1158 and analyzed with Clustal X alignment software.  
Secondary structures were predicted by Jpred software. Only structures confirmed 
by multiple predictions are indicated on Figure 3. Secondary structure predictions were 
conducted for all single mutants and compared to the secondary structure predicted for 
the wild type IN C-terminus. 
 
Plasmids used 
 A Ty5 element with epitope tags in RT and Gag was modified to enable the 
replacement of the IN C-terminus with the various mutants identified in this study. A Ty5 
IN fragment containing a silent MluI mutation upstream from the IN C-terminus (from 
plasmid pTB198, a derivative of pDR14 (Gao, Rowley et al. 2002) was cloned into the 
dually epitope-tagged Ty5 construct (plasmid pTB97) using BspE1 and PflMI.  This 
created plasmid pRD13. Plasmids pRD14-pRD25 were generated by PCR amplification 
of the 12 IN single mutants using primers dvo4190 
(TAATAAGAAACCAACGCGTTCCCGCGAAATAG) and dvo3605 
(TATAATCTGCAGTCAATGGTGATGGTGATGGTGTTCTTGAAAGTCAGGCCTT
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CCCATTG). The amplified IN fragments were digested with MluI and PflMI and ligated 
into pRD13 to generate the respective mutant Ty5 elements. Plasmid pRD26 was 
generated by digesting pTB216 (pTB198 with RGS-His tagged IN) with BspEI and 
PflMI and cloning the fragment into pTB60 as previously described (Brady 2007). The 
resulting plasmid with the C-terminal RGS-His tagged IN was used as a recipient for the 
previously described PCR-amplified IN fragments to generate plasmids pRD27-pRD38.  
TD mutants S1094L, S1095E, S1095C, and S1095A (Dai 2007) were cloned into 
plasmids pRD13 and pRD26 by previously described methods. The regions encoding the 
mutations were PCR amplified using primers dvo4190 and dvo2874 
(CTTTGAGTCACAGAGCGG). 
 
Protein isolation and western blots 
 Total protein was isolated from yeast cells containing pRD13-pRD25, pRD27-
pRD38, and pRD39-pRD46. Cultures were grown overnight to mid log phase (1-2 OD600) 
at 30C with shaking in 1 mL SC-U + 2% dextrose. Cultures were diluted to 0.1-0.2 OD 
with SC-U + 2% raffinose and grown at 30C with shaking for 6 hr. Galactose was added 
to a concentration of 2%, and cultures were grown for 20 hr with shaking at room 
temperature (22C). Harvested cells were disrupted by the glass bead method (Ausubel 
1987). After cell breakage, all liquid was captured and spun down for 30 min (16,000xg). 
The supernatant was removed and the pellet was resuspended in 8M urea and vortexed 
for 5 min. The solution was centrifuged at 4C, 16,000xg for 30 min, and the supernatant 
was collected. Total protein was determined by the BCA kit (Pierce). 80 µg of total 
protein was suspended in SDS loading buffer, boiled at 100C for 5 min, and loaded onto 
protein gels. Western blot analysis was conducted as previously described (Irwin and 
Voytas 2001) with some alterations. Following protein transfer to nitrocellulose, the 
membrane was blocked with 5% milk-fat in TBSTT (10 mM Tris-(HCl (pH7.5), 150 mM 
NaCl, 0.05% Tween 20, 0.2% Triton X-100). The membrane was washed twice for 5 min 
with TBSTT and then incubated for 1 hr with RGSS-His monoclonal antibody (Qiagen) 
at a 1:3,000 dilution in 3% milk-fat in TBSTT. The membrane was washed 3 times for 5 
min each in TBSTT and then incubated for 45 min with a horseradish peroxidase-
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conjugated sheep anti-mouse anti-body diluted to 1:10,000 in 3% milk-fat in TBSTT. The 
membrane was rinsed 5 times for 5 min each in TBSTT. Proteins were detected using 
ECL Western Blotting Detection Reagents (Amersham). 
 
Quantitative integration 
 Integration frequencies for the various mutants were determined as previously 
described (Zou, Ke et al. 1996) with some alterations. Plasmids pRD26-pRD38 were 
transformed into yPH499 (Sikorski and Hieter 1989) and a Δrad52 derivative (Ke and 
Voytas 1997) using standard methods (Ausubel 1987). The Δrad52 strain was used to 
eliminate homologous recombination events from the assay. No less than 4 transformants 
were tested for each mutant in each of the 2 strains. Transformants were grown to 
saturation at 30C in 96 well plates in SC-U + 2% dextrose. 100ul of each was patched 
onto SC-U + 2% galactose agar plates and grown for 3 days at room temp to induce 
transposition. Each patch was scraped from the induction plates and suspended in 200 µl 
ddH20. 1:10 serial dilutions were prepared and 100 µl of a pre-determined volume was 
plated onto SC-H + 2% dextrose and YPED agar plates to obtain between 100 and 300 
colonies per plate.  
 
Results 
 
Reverse two hybrid screens 
The C-terminus of Ty5 IN interacts with the C-terminus of Sir4 in yeast two 
hybrid assays (REF). A reverse two-hybrid screen was performed to identify mutations in 
IN that abrogate interactions with Sir4 (Figure 1). IN was mutagenized by PCR and a 
library of mutagenized fragments was constructed in a two-hybrid vector such that they 
would be expressed as GAD fusion proteins. Approximately 10,000 mutant constructs 
were screened, of which approximately 600 were identified as non-interactors with Sir4. 
The non-interactors were re-screened, and approximately 400 were confirmed. Colony 
PCR of the remaining 400 eliminated approximately 100 colonies: the 100 colonies 
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eliminated contained no IN fragment. Of the remaining 300 colonies, 150 were 
sequenced.  
 
 
 
Figure 1. Reverse two-hybrid screen for IN mutations that abrogate the interaction between IN and Sir4. 
PCR mutagenesis of the IN C-terminus generated a library of putative IN mutants that were cloned into an 
expression vector to generate IN/GAD fusion proteins. When IN and Sir4 interact, the Gal activation 
domain (GAD) is brought into the vicinity of the HIS3 gene. GAD recruits general transcription factors 
(GTF) resulting in the transcription of HIS3 and histidine prototrophy. To detect the IN/Sir4 interaction, 
cells are plated on SC-LT + Dex agar plates. Following colony formation, the plates are replica plated onto 
SC-LTH +Dex +3mM 3AT. Colonies that fail to grow on SC-LTH +Dex +3mM 3AT plates are identified 
as putative IN/Sir4 interaction disruption mutants. The original, putative mutant colonies are collected from 
the SC-LT plate and cultured for plasmid isolation. The presence of the IN insert is confirmed in putative 
mutants, and then sequence is obtained. Alignment with the wild type Ty5 sequence identifies mutations in 
IN putative mutants. The mutations are then cloned into full length Ty5 for phenotypic analysis. 
 
Results of the DNA sequencing identified twelve unique, single mutations, as 
well as double and triple mutations in the C-terminus of IN (Figure 2 and 3). Three of the 
single mutants were twice identified and a fourth was identified three times. In addition, 
mutations in the TD were identified, but only in the presence of one or two additional 
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mutations elsewhere in IN. Two of the twelve mutants occurred downstream of the TD in 
a region that extends into reverse transcriptase (RT). One of these two mutants (A1104D)  
 
 
 
Figure 2. The failure of IN mutants to interact with Sir4 is confirmed by plating serial dilutions of yeast 
cells onto non-selective and selective media. The yeast strain carries the mutant IN GAD fusion protein 
plasmid (pYZ97) and the interacting LexA-Sir4 plasmid (pYZ127). Cells are diluted 1:10 and stamped onto 
SC-LT and SC-LTH +3mM 3AT. A previously identified defective Sir4 interaction mutant, S1094L, serves 
as the negative control (Xie, Gai et al. 2001). Stunted growth on non-selective media for E1008V, 
V1067M, and negative control S1094L was confirmed by no less than 3 transformants. 
 
was in the predicted boundary region between IN and RT, and the second (I1109N) was  
in the predicted N-terminus of RT. Figure 2 shows the results of the reverse two hybrid 
screen for the twelve single mutants in addition to a S1094A TD mutant (negative 
control) and a wild type IN (positive control) (Figure 2). Mutants E1008V, V1067M, and 
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S1094L exhibited slow growth on non-selective media, which was confirmed in no less 
than three individual transformants of each (data not shown). 
Structural predictions of the C-terminus of IN reveal both alpha-helical and beta-sheet 
structures (Figure 3). Seven of the mutants occur within the domains of these predicted 
secondary structures and four of the remaining five mutants were found at the boundaries 
of the structures. Secondary structures of all mutants were predicted using Jpred and 
compared to the predicted secondary structure of wild type. Overall, the mutations did 
not change the predicted secondary structure of the C-terminal region of IN. Mutants 
K968E and E1008V lengthened the predicted beta-sheets. Mutants V989G and L993P 
shortened the predicted beta-sheets. Mutant A1104D changed the predicted alpha helix 
that spans residues 1101-1111 to a beta-sheet spanning residues 1107-1111. 
 
 
Figure 3. The amino acid sequence of the IN C-terminus is shown with single amino acid substitutions 
above the sequence. Mutations that occurred in the context of one to two other mutations are identified with 
arrowheads at the location of the mutation. Single mutations recovered multiple times are also identified 
with arrowheads. Secondary structure predictions, pictured in the background as arrows (beta-sheets) and 
rectangles (alpha-helices), were generated by structure prediction freeware Jpred. Quantitative integration 
results revealed that single mutations that fall within the dark speckled bar were defective in cDNA 
integration (host mediated recombination and Ty5 mediated). Quantitative integration results found that 
mutations within the light speckled bar were integration defective. The previously described TD is 
underlined. 
 
Protein stability of IN mutants in full length Ty5 
All single IN mutants were cloned into epitope-tagged versions of Ty5. One 
version has IN tagged with penta-His (pRD26) and another version has penta-His tags in 
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Gag and RT (pRD13) (Irwin and Voytas 2001). Western blots of each mutant showed 
stable levels of IN at 79 kDa, RT at 59 kDa, and the two Gag species at 37 and 27 kDa 
for all mutants except for A1104D (Figure 4) (Irwin and Voytas 2001). Mutant A1104D 
was deficient in IN and RT but not in the two Gag protein species. IN mutant A1104D 
accumulated a polyprotein at approximately 140 kDa, corresponding to an unprocessed 
IN-RT fusion protein. Previously characterized TD mutants S1095C, S1095E, S1095A, 
and S1094L were also screened for protein stability in His-tagged versions of Ty5. Each 
of the TD mutants had wild type levels of IN, RT, and Gag proteins. 
 
 
 
Figure 4. Arrows indicate location of penta-His-tags and the region of pol mutated is indicated below the 
diagram. (A) Western blots depict integrase (IN), reverse transcriptase (RT), and Gag protein levels for 
various Ty5 IN mutants. IN is present in all mutants except A1104D, which shows a protein at 
approximately 140 kDa that corresponds in size to unprocessed RT/IN polyprotein. RT levels were near 
wild type for all IN mutants except A1104D. Two Gag species at 37 kDa and 27 kDa were present for all 
mutants at comparable levels. (B) TD mutants previously described showed wild type levels of IN, RT, and 
Gag. 
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Quantitative integration 
 All twelve single mutants in the IN C-terminus were moved into a full length Ty5 
element and tested for transposition competence. pRD27-pRD38 were transformed into 
yeast yPH499 and a rad52 derivative . Ty5 cDNA can enter the genome by integration 
(mediated by Ty5 integrase) or recombination (mediated by Rad52). The use of both 
strains makes it possible to distinguish the relative contributions of the two pathways. IN 
mutants N954D, K968E, V989G, and L993P were transposition deficient in both strains, 
indicating that the IN in these mutants is defective in mediating any integration and that 
these mutations may prevent either the production of cDNA by RT or homologous 
recombination. These mutants are all clustered in the N-terminus of the IN fragment 
studied. Mutant S966G is the only mutant in the IN N-terminus that showed some 
transposition, which was 14% of wild type.  
Mutations in the central region of the IN C-terminus were moderately impaired in 
transposition. IN mutants E1008V, Q1050R, R1051G, and V1067M integrated at 26%, 
24%, 36%, and 53% of wild type, respectively. Mutant S1017I integrates at 107% of wild 
type. Near the C-terminus of the fragment of IN studied lies mutants A1104D and 
I1109N, both of which integrate near negative control levels, 1% and 3% respectively. As 
indicated above, the A1104D mutation fails to process IN and RT and an IN-RT fusion 
protein is observed on Western blots. This is consistent with a failure to process  
the polyprotein by protease, and since A1104 lies at the boundary of IN and RT, we 
hypothesize that this mutation identifies the cleavage site. A1104D likely cannot make 
cDNA due to a non-functional RT. The value observed for mutant I1109N is the highest 
of the mutants that integrate at less than 5% of wild type. This may indicate that this RT 
mutant generates very low levels of cDNA and additionally is deficient in IN-mediated 
integration. 
 Quantitative transposition assays of IN mutants in the rad52 strain largely 
reflected the results observed in the wild type strain (Figure 5). Loss of Rad52 prevents 
homologous recombination and so eliminates non-IN mediated integration events. Those 
mutants in yPH499 that integrated at less than 5% of wild type (N954D, K968E, V989G, 
L993P, A1104D, and I1109N) showed no transposition in the rad52 strain. This suggests 
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that the modest levels of transposition observed in these strains was due to cDNA 
recombination. All other mutants transposed at levels comparable to those observed in 
the wild type strain. IN mutants S966G, E1008V, S1017I, Q1050R, R1051G, and 
 
Figure 5. Quantitative integration assays show mutants with varying levels of integration. (Dark bars) A 
range of integration frequencies was observed for mutants in wild type yeast cells, where IN-mediated 
integration and cDNA recombination cannot be distinguished. All mutants showed some integration, but 
many were near non-induced levels, suggesting a loss of both IN-mediated integration and cDNA 
recombination. S1017I had an integration average greater than that obtained for wild type. (Light bars) 
Quantitative integration levels of mutants in a rad52 strain were similar to those obtained in wild type. This 
suggests that cDNA recombination was not a major factor in inserting the cDNA into the genome. 
 
V1067M transposed at 13.90%, 29.62%, 100.46%, 42.89%, 130.38%, and 86.32% of 
wild type, respectively. These data indicate that most of the transposition observed in 
these mutants is integrase mediated. Mutants R1051G and V1067M showed a significant 
increase in transposition relative to the wild type. This data suggests that when 
recombination is blocked in the rad52 strain, more cDNA is available to enter the genome 
via integrase.   
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Discussion 
 
The integrases of retroviruses and retrotransposons have long, divergent C-
termini. Recent work suggests that this domain plays a role in targeted integration by 
tethering integration complexes to chromatin.  For example, many LTR retrotransposons 
contain chromodomains at their C-termini (Malik and Eickbush 1999; Gorinsek, 
Gubensek et al. 2004), and the chromodomain of the Schizosaccharomyces pombe 
retrotransposon Tf1 is important for cDNA integration and target specificity (Malik and 
Eickbush 1999; Hizi and Levin 2005). Chromodomains are conserved domains that 
provide protein-binding specificity to chromatin by recognizing methylated lysines 
(Bannister and Kouzarides 2004; Brehm, Tufteland et al. 2004). The C-terminus of Ty1 
IN codes for a nuclear localization signal that is required for the preintegration complex 
to gain nuclear access (Kenna, Brachmann et al. 1998; Moore, Rinckel et al. 1998). The 
core of HIV IN has been shown to play a role in localization to nuclei and mitotic 
chromosomes, whereas the C-terminus of HIV IN plays a role in nuclear import 
(Maertens, Cherepanov et al. 2003). The IN of the yeast retrotransposon Ty5 contains a 
C-terminal targeting domain consisting of amino acids LDSSPP. This small domain is 
necessary and sufficient for targeting cDNA integration to chromosomal sites bound by 
the interacting protein, Sir4. In wild type yeast cells, Sir4 is typically localized in 
heterochromatin, the preferred site for Ty5 integration. 
 
Residues identified as important for IN catalysis  
To better understand the role of Ty5 IN in target specificity, the C-terminus was 
mutagenized to identify variants that no longer interact with Sir4. Mutations in eleven 
amino acids in IN and one amino acid in RT abrogated the interaction between IN and 
Sir4 in the yeast two-hybrid assay. Surprisingly, many of the mutations had effects on the 
catalysis of cDNA integration. In particular, quantitative integration assays identified 
amino acids within the region between residues 1008 and 1067 as well as at 966 as 
important in the catalysis of cDNA integration. Mutations S966G, E1008V, Q1050R, 
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R1051G, and V1067M were all integration defective in a wild type strain. In contrast, 
mutants S1071I, R1051G, and V1067M showed only a modest decrease in integration 
efficiency. The levels of integration were the same or higher in a rad52Δ strain, indicating 
that cDNA recombination was not perturbed. Because IN and RT protein levels for most 
of the mutants were not affected, this suggests that the interaction with Sir4 is critical for 
maximum integrase activity. Previous work has shown that in the absence of Sir4, Ty5 
integration efficiency drops several fold (Zhu, Zou et al. 1999). Similarly, mutations in 
TD that abrogate Sir4 interactions also result in a five-fold decrease in integration 
efficiency (Xie, Gai et al. 2001). Interaction of HIV IN with LEDGF, a protein that 
targets HIV to regions of active transcription, is required for integration to occur (Llano, 
Saenz et al. 2006). Similarly mutations in the chromodomains of Tf1 and MAGGY 
impair transposition in vivo (Hizi and Levin 2005; Nakayashiki, Awa et al. 2005). 
Collectively this work suggests that integrase activity may depend on the ability of the 
protein to interact with its targeting determinant.   
   
Residues identified as important for RT activity 
IN has been shown to play a role in RT activity in retrotransposons and 
retroviruses. The C-terminus of retroviral integrases and some retrotransposons is 
required for 3’ end processing of cDNA (Craig 2002). However, 3’ end processing does 
not occur for Ty5, so it is unlikely that the observed cDNA deficiency or the catalytic 
deficiencies are a result of failure of IN to process cDNA. The C-terminus of HIV IN 
interacts with RT (Tasara, Maga et al. 2001; Hehl, Joshi et al. 2004; Zhu, Dobard et al. 
2004). Similarly, Ty1 IN acts in cis to activate reverse transcriptase (Wilhelm and 
Wilhelm 2006). Deletion of an acidic domain of the Ty1 IN C-terminus results in the 
decrease of RT activity (Wilhelm and Wilhelm 2005). Our findings provide evidence for 
a role of the Ty5 IN C-terminus in cDNA production. We found that in mutants N954D, 
K968E, V989G, L993P, A1104D, and I1109N, integration levels were virtually 
undetectable, indicating a defect in cDNA production. Had cDNA been produced we 
would have expected some homologous recombination of cDNA into the genome that 
would give integration levels much greater than the negative control. 
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 One mutant, A1104D, compromised both IN and RT function and failed to 
produce mature IN and RT proteins. Instead, a polyprotein was observed on Western 
blots, the size of which was consistent with being a fusion protein between IN and RT. 
Under normal circumstances, IN and RT are released from the Ty5 polyprotein by action 
of Ty5 protease.  The location of the mutation is consistent with the location of the 
predicted protease cleavage site. Secondary structure predictions of the IN fragment 
predicted an alpha helix spanning residues 1101-1111. The A1104D mutation changes 
the predicted secondary structure to a beta sheet spanning residues 1107-1111. This is 
consistent with the inability of Ty5 protease to recognize and act upon this site. 
 
Targeting 
It will be particularly important to test the effect of the integrase mutants on target 
specificity. Because they no longer interact with Sir4, we would predict that several of 
the mutants would integrate randomly throughout the genome (e.g. S966G, E1008V, 
Q1050R, R1051G, V1067M, S1017I, R1051G, and V1067M). Two assays are available 
to test the target specificity of the mutants. The first measures the ability of Ty5 to 
integrate to a plasmid that is bound in heterochromatin (Gai and Voytas 1998). The 
second measures the ability of Ty5 to integrate to a site with tethered Sir4 protein. Both 
assays will be carried out to determine if the mutants that no longer interact with Sir4 in 
two hybrid assays also fail to target integration. The results of these experiments should 
further establish the relationship between the interaction with Sir4 and IN catalytic 
activity and cDNA production. 
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CHAPTER 4: GENERAL CONCLUSIONS  
 
Targeted integration to heterochromatin by the Saccharomyces cerevisiae LTR-
retrotransposon Ty5 is accomplished by an interaction between Ty5 IN and Sir4 (Xie, 
Gai et al. 2001). Ty5 preferentially integrates at the HMR and HML mating type loci and 
the subtelomeric X repeats (Zou, Ke et al. 1996), both of which are bound in 
heterochromatin, which includes Sir4. The C-terminus of IN contains a six amino acid 
motif (LDSSPP) dubbed the targeting domain (TD). The TD is necessary for targeted 
integration of Ty5 cDNA (Xie, Gai et al. 2001). Host mediated phosphorylation of the 
second serine (S1095) has been shown to be essential for the interaction of IN with Sir4 
and normal targeted integration (Dai 2007).  
The region of Sir4 that interacts with Ty5 has been mapped to the partitioning and 
anchoring domain (PAD) at the Sir4 C-terminus. Sir4 mutations that disrupt interaction 
with IN were found in conserved residues of the PAD. These mutations were also found 
to affect the interaction of Sir4 with the nuclear periphery protein, Esc1, which is 
involved in DNA segregation between mother and daughter cells during mitosis. These 
results suggest that Ty5 has either borrowed or copied the Sir4 interaction domain from 
Esc1 for its interaction with Sir4. IN mutations that abrogate the Sir4/IN interaction were 
found primarily upstream of the TD. These mutations were found to affect cDNA levels 
or integration levels. An additional mutation was found in RT near the IN-RT junction. 
The RT mutation abrogated the interaction with Sir4 and was defective in cDNA 
production. Collectively, the results suggest that IN and RT communicate and that Sir4 is 
part of the communication chain. 
 Without structural information, we will not be able to fully understand the 
interaction between Sir4 and IN. Structural information would allow us to confirm what 
the evidence already tells us about the residues involved in the interaction between these 
two proteins. Unfortunately, the insolubility of IN makes it unlikely that its structure will 
be solved anytime soon; however, it is possible that fragments of IN could be analyzed by 
methods such as NMR spectroscopy. Recent studies have revealed the structure of a 
coiled-coil domain at the C-terminus of Sir4 (Murphy, Spedale et al. 2003), but no 
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structural information is available for the PAD. If structural information were available 
for Sir4 PAD, this would provide needed information for its role in maintaining silencing, 
mediating DNA partitioning, and interactions with IN and perhaps RT. 
 The IN of Ty retrotransposons has been shown by others to play a significant role 
in reverse transcription. Deletions of the Ty3 IN C-terminus result in a decrease of Ty3 
cDNA and RT activity (Kirchner and Sandmeyer 1996). Two regions of Ty1 IN have an 
effect on RT activity. The deletion of residues 233 to 520 of IN resulted in a 20-fold 
increase of RT activity while the deletion of residues 521 to 607 decreased RT activity 
(Wilhelm and Wilhelm 2005). When the so-called GKGY motifs of Ty1 and Ty5 IN are 
mutated, there is a significant loss of IN and RT levels (Brady and Voytas, unpublished 
data). The GKGY motif resides at the junction between the conserved core of IN and the 
divergent C-terminus. The results of random mutagenesis of the IN C-terminus revealed a 
role for IN in RT activity. Further analysis of this interaction may reveal that IN acts 
directly in the production of cDNA or that it acts in concert with RT for cDNA 
production. We plan to look at in vivo levels of Ty5 cDNA to confirm the observed 
results. These tests will likely also provide quantitative measurements of cDNA so that 
the severity of the mutations can be determined and compared. Also, varying levels of 
integration were observed for some mutants. This indicates a catalytic role for IN 
mediated cDNA integration and a requirement for the interaction between IN and Sir4 to 
activate the catalytic activity. Tethered targeting assays should be conducted on these 
mutants to determine their effect on Ty5 targeting. 
Because retrotransposons, and more specifically the Ty elements, are closely 
related to retroviruses, we hope that the study of Ty5 may contribute to the understanding 
and treatment of retroviral diseases such as AIDS. The IN of HIV has similarities to the 
IN of Ty5. HIV IN becomes tethered to chromatin by interacting with p75, the cellular 
transcriptional coactivator lens epithelium-derived growth factor (LEDGF) (Ge, Si et al. 
1998; Cherepanov, Maertens et al. 2003; Maertens, Cherepanov et al. 2003; Llano, 
Vanegas et al. 2004). The activity of p75 mirrors the activity of Sir4 in Ty5 targeting to 
silenced regions of chromosomes: p75 tethers HIV integrase to target sites (Llano, Saenz 
et al. 2006). Like the PAD of Sir4, p75 contains a domain that interacts with HIV, named 
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the integrase-binding domain (IBD) (Cherepanov, Devroe et al. 2004; Vanegas, Llano et 
al. 2005). The essential role of HIV IN in the HIV life cycle and its unique characteristics 
make it an excellent drug target for new HIV treatments. We hope that by better 
understanding the IN protein of Ty5 and its interaction with Sir4, we might lend to the 
understanding to HIV IN and the IN of other retroelements. 
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APPENDIX. EXPRESSION AND SUBCELLULAR LOCALIZATION OF THE 
DYNEIN LIGHT CHAIN LC8 AND LC6 GENES OF ARABIDOPSIS THALIANA 
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Abstract 
 
The dynein light chain genes LC8 and LC6 have been preserved in flowering 
plants in the absence of other members of the dynein microtubule motor. In Arabidopsis 
thaliana, there are six members of the LC8/LC6 gene family. These genes were 
expressed as GFP fusion proteins, and most were localized in both the nucleus and 
cytoplasm. When the promoters of the LC8/LC6 gene family members were fused to β-
glucuronidase, expression patterns were observed throughout the plant and at various 
developmental stages. Most genes exhibited distinct expression patterns that partially 
overlapped with those of other gene family members. In animals, the LC8/LC6 proteins 
function as adapters, frequently in association with the dynein microtubule motor. Our 
study provides the first characterization of the LC8/LC6 genes in plants, which in the 
absence of the dynein motor, likely have novel, uncharacterized cellular partners.  
 
Introduction 
 
The dynein microtubule motor is a complex of proteins involved in moving 
cargos toward the minus-end of the microtubule. Dynein motors function in a number of 
vital cellular processes, including the positioning and organization of some organelles 
such as the Golgi apparatus, lysosomes and endosomes. They are also involved in nuclear 
migration and the formation of the mitotic spindles (King 2000; King 2003; Liu, Xiang et 
al. 2003; Vallee, Williams et al. 2003). Many proteins involved in intracellular motility, 
such as actin and tubulin, as well as the myosin and kinesin cytoskeletal motors, are 
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evolutionarily conserved among eukaryotes. It has been observed, however, that 
flowering plants have lost the genes whose proteins make up the dynein microtubule 
motor and the dynactin complex. The exception to this gene loss are the light chains LC8 
and its highly divergent homologue LC6 (Lawrence, Morris et al. 2001), which raises 
questions as to the function(s) of the LC8/LC6 gene family in these organisms. As will be 
described in greater detail in this manuscript, LC8 orthologues are not only involved in 
binding cargo of the dynein microtubule, but have also been shown to bind various 
cellular proteins (reviewed in (King 2000; King 2003)). The Chlamydomonas reinhardtii 
LC6 homologue has been shown to be present in the Chlamydomonas dynein motor but 
is not essential to viability. To our knowledge, no other function of LC6 orthologues has 
been described.  
We recently discovered an interaction between plant LC8 and LC6 proteins and the 
Gag protein of some plant retrotransposons (Havecker, Gao et al. 2005). 
Retrotransposons are mobile genetic elements that have many characteristics in common 
with true viruses. The retrotransposon Gag proteins, for example, are functionally 
analogous to viral coat proteins (Coffin, Hughes et al. 1997). LC8 proteins from animals 
have been observed to bind viral proteins of African Swine Fever Virus (Alonso, Miskin 
et al. 2001), two different rabies viruses (Jacob, Badrane et al. 2000; Raux, Flamand et al. 
2000) and the Gag protein of Human Foamy Retrovirus (Petit, Giron et al. 2003). 
Database searches for known LC8-binding motifs in viral proteins identified 17 more 
candidate viruses that might use LC8 as a means of transport. Of those 17, nine 
(including one plant virus: yam mosaic potyvirus) were shown to interact with LC8 in 
vitro (Martinez-Moreno, Navarro-Lerida et al. 2003). It has been suggested that this 
binding is to allow intracellular virus mobility (Ploubidou and Way 2001; Martinez-
Moreno, Navarro-Lerida et al. 2003).  
Although the presence of LC8 and LC6 is conserved in flowering plants, the lack of 
the dynein microtubule motor makes it difficult to predict a concrete role for any of the 
LC8 or LC6 family members. In Arabidopsis, there are six genes that make up the dynein 
light chain gene family (Havecker, Gao et al. 2005). In an effort to understand their 
function, we analyzed the subcellular localization of the proteins. In addition, gene 
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expression profiles have been characterized through the use of transgenic plants 
expressing promoter-GUS fusions. Results indicate variable subcellular and tissue 
expression profiles for the individual genes, suggesting they are involved in a variety of 
cellular processes throughout the plant life cycle. 
 
Materials and Methods 
 
Arabidopsis LC8 and LC6 sequences are in GenBank with the following 
identifiers: At1g23220, At1g52250, At3g16120, At4g15930, At4g27360 and At5g20110. 
The six genes were identified by blast searches using the Arabidopsis LC8 sequence and 
text searches of the annotated Arabidopsis genome with the word “dynein.” Retrieved 
sequences were aligned using Clustal X (Higgins and Sharp 1988).  
Subcellular localization  
For subcellular localization studies, all Arabidopsis cDNAs in the LC8 gene 
family were fused to the C-terminus of eGFP, and expression was driven by the 
Cauliflower Mosaic Virus 35S promoter (pEH375, unpublished). Transient expression of 
the eGFP:LC8 genes was measured in Col-0 Arabidopsis suspension cells. Arabidopsis 
protoplasts were transformed following the general procedure of (Sheen 2002) with some 
modifications. Briefly, 5 day old Arabidopsis suspension cell clusters were digested 
(50mL aliquot) for 3.5 hours at room temperature with gentle shaking (40 rpm) in 0.33% 
Cellulase RS and 0.15% macerozyme in artificial sea water (ASW) (311mM NaCl, 
18.8mM MgSO4, 6.8mM CaCl2, 10mM MES, 6.9mM KCl) containing 0.3M mannitol, 
pH5.7. Protoplasts were filtered through a 40 µm nylon mesh and centrifuged at 400 rpm 
for 5 min. Protoplasts were carefully washed in 10 ml of W5 solution (0.4M mannitol, 
70mM CaCl2, 5mM MES, pH5.7) and centrifuged at 300 rpm for 5 min. The protoplast 
pellet was gently resuspended in 2 mL MMg (0.4M mannitol, 15mM MgCl2, 5mM MES, 
pH 5.7) and kept on ice. 100 µl of protoplasts were incubated with 30 µg DNA in a 1.5 
mL eppendorf tube. 0.4mL PEG solution (40% (w/v) PEG 4000, 0.4M Mannitol, 1.0 M 
CaCl2) was added, and the protoplasts were incubated on ice for approximately 20 min 
with occasional mixing. The PEG-protoplast solution was then transferred to a 15mL 
round bottom centrifuge tube and 5 mL of W5’ solution (0.4M mannitol, 125mM CaCl2, 
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5mM KCl, 5mM glucose,1.5 mM MES pH 5.7) was added. The protoplasts were 
centrifuged at 500 rpm for 10 min and the supernatant removed. The protoplast pellet was 
gently resuspended in MS media (Murashige minimal organics, 2% sucrose, 1mg/L 
Napthaleneacetic acid (NAA), 0.05 mg/L kinetin) supplemented with 0.4M mannitol. The 
transformed cells were incubated in the dark at 28°C for 16-20 hours before imaging. 
Confocal images were taken at 60X magnification at the Iowa State University Imaging 
Facility. 
 
Promoter-GUS plasmid construction and transgenic staining 
Promoters of all the LC8 family genes in Arabidopsis were determined using the 
annotated Arabidopsis genome (Initiative 2000). Primers used to amplify promoters can 
be found in Table 1. High fidelity PCR amplified each promoter and all constructs were 
sequenced to verify that no mutations had been introduced. All promoters were fused 
with a PstI site to the β-glucuronidase (GUS) gene such that the predicted start codon of 
the LC8 family genes would be replaced by the ATG of the GUS gene. The GUS gene 
and NOS terminator were derived from pBI121 (AF485783); the GUS gene was modified 
to carry an artificial intron (D. Voytas, unpublished). All promoter GUS constructs were 
cloned into an Agrobacterium transfer vector containing the hygromycin gene for 
transgenic selection (pDW922; D. Wright & D. Voytas, unpublished).  
Columbia ecotype Arabidopsis transgenic plants were generated using the floral-
dip method (Clough and Bent 1998), and at least 10 independent transgenic lines were 
obtained for each of the promoter constructs. These plants were all initially stained 
(100mM Tris pH 7.0, 0.5mM Na2-EDTA, 0.5 mM K3[Fe(CN)6], 1mM 5-bromo-4-chloro-
3-indoyl-ß-D-glucuronide (X-gluc)) for GUS expression (Jefferson, Kavanagh et al. 
1987), and three to four independent lines per construct were chosen for further 
experimentation based on consistency of staining. GUS expression was evaluated in 
seven day old, fourteen day old as well as more mature plants.  Individual organs were all 
stained for GUS expression. Tissues observed to have GUS staining were photographed 
using the aid of dissecting microscope. 
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Results 
 
Phylogenetic analysis 
 The six LC8/LC6 gene family members of Arabidopsis are At4g15930, 
At1g23220, At1g52250, At3g16120, At4g27360 and At5g20110. Phylogenetic analysis 
groups At4g15930 with the LC8 homologues of plants and animals, whereas the other 
five genes are more similar to LC6 (Havecker, Gao et al. 2005). In the initial description  
 
 
 
 
10     20     30     40     50     60 
....|....| ....|....| ....|....| ....|....| ....|....| ....|....| 
At3g16120  MLEG------ ---------- ---------- ---------- ---------- ---------- 
At1g52550  MLEG------ ---------- ---------- ---------- ---------- ---------- 
At4g27360  MLEG------ ---------- ---------- ---------- ---------- ---------- 
At4g15930  MSDGRRKKSV NGGAPAQTIL DDRRSSLPEV EASPPAGK-- ---------- ---------- 
At1g23220  MEGVELELER RSKFLN---- -------SLI Q-KKKAKE-- ------QQDQ KDE------- 
At5g20110  MNEERPKKSK KKSLMNFYKF SITSSKHSLI NPKSKPKIPI STPSISQQEV EEKPIVQSNK 
Clustal Co * 
 
70     80     90    100    110    120 
....|....| ....|....| ....|....| ....|....| ....|....| ....|....| 
At3g16120  ---------- ---------- ---------- ---------- ---------- -----KAKVE 
At1g52550  ---------- ---------- ---------- ---------- ---------- -----KAMVE 
At4g27360  ---------- ---------- ---------- ---------- ---------- -----KAVMG 
At4g15930  ---------- ---------- ---------- ---------- ---------- -----RAVIK 
At1g23220  ---------- ---------- ---------- ---------- ---------- ----FNVRVR 
At5g20110  SHQNHVMRDI FELETTCSRN NERKKGGGAA EEGRKSVSHV ERDTAARIEA AAEMLTVRIL 
Clustal Co                                 : 
 
130    140    150    160    170    180 
....|....| ....|....| ....|....| ....|....| ....|....| ....|....| 
At3g16120  ETDMPVKMQM QAMKIASQSL DL-FDVFDSI SIAAHIKKEF DERYGSGWQC VVGTNFGCFF 
At1g52550  DSDMPVKMQM QAMAFASQAL DL-FDVFDCK SIAGHIKKEF DERYGSGWQC VVGSNFGCFF 
At4g27360  DTDMKQTMKE DALSLASKAL DC-FDVTEPT QIARFIKKEF DRSYGSGWQC IVGTHFGSFV 
At4g15930  SADMKDDMQK EAIEIAISAF EK-YSVEK-- DIAENIKKEF DKKHGATWHC IVGRNFGSYV 
At1g23220  ASDMPLPQQN RAFSLSREIL NATPGKADNK RLAHALKKDF DSAYGPAWHC IVGTSFGSYV 
At5g20110  AADMPGFMQA HAFRCARMTL DS-LEKFSSK HMAFNLKKEF DKGYGPAWHC IVGSSFGSFV 
Clustal Co  :**  :  *: :  : :      :* :**:* * :* *:* :** ** : 
 
190    200    210 
....|....| ....|....| ....|....| ....| 
At3g16120  THSKGTFIYF HLGTLNFLIF KGATL----- ----- 
At1g52550  THSKGTFIYF QLETLKFLIF KGASTP---- ----- 
At4g27360  THCSGCFIHF SVGSLTILLF KGSVGEPAPP DRCSS 
At4g15930  THETNHFVYF YLDQKAVLLF KSG------- ----- 
At1g23220  THSTGGFLYF QIDKVYVLLF KTAVEPLDQK ----- 
At5g20110  THSTGCFIYF SMDKLYVLLF KTKVRPASPH ----- 
Clustal Co **  *::* :   *:* * 
 
Figure 1. Clustal X alignment of Arabidopsis LC8/LC6 amino acid sequences. Gene identifiers are given in 
the left hand column. Completely conserved amino acids are marked with an asterisk in the Clustal 
consensus row and conservative substitutions are marked with a colon.  
 
of this family, we referred to these genes as LC8 for At4g15930 and LC6A-E  
[At5g20110 LC6A; At1g23220 LC6B; At4g27360 LC6C; At3g16120 LC6D; At1g52250 
LC6E] to differentiate the five LC6 genes in Arabidopsis. The amino acid alignment of 
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the six proteins is provided in Figure 1. It is apparent that the highest degree of similarity 
resides within the C-terminal portion of the protein. The N-termini of the LC8/LC6 gene 
family members show differences both in their length and composition. 
 
Subcellular localization 
To determine the subcellular compartments in which the various LC8/LC6 
proteins are localized, a CaMV 35S-driven eGFP (35S:eGFP) was fused to the N-
terminus of all the Arabidopsis LC8/LC6 cDNAs. The GFP fusions were then transiently 
expressed in Arabidopsis suspension cell protoplasts, and multiple cells were imaged 
using the 60X objective of a confocal microscope (Figure 2). The subcellular localization 
of the LC8 and LC6 proteins revealed their presence in both the nucleus and cytoplasm, 
but to varying degrees. The Arabidopsis LC8 homologue At4g15930 showed similar 
levels of GFP in the cytoplasm and nucleus. In contrast, LC6A, had a much higher 
percentage of fluorescence within the nucleus, although some fluorescence could also be 
seen in the cytoplasm. LC6B and LC6C were predominantly located in the nucleus, 
although not to the extent of LC6A. LC6D, similar to LC8, was equally distributed 
between the cytoplasm and nucleus, and only cytoplasmic localization was observed for 
LC6E.  
 
 
 
Figure 2. Subcellular localization of the Arabidopsis LC8 and LC6 proteins fused to eGFP. Gene fusions 
were expressed in Arabidopsis suspension cell protoplasts and imaged with 60X confocal optics. A) 
35S:eGFP-LC8, B) 35S:eGFP-LC6A, C) 35S:eGFP-LC6B, D) 35S:eGFP-LC6C, E) 35S:eGFP-LC6D, F) 
35S:eGFP-LC6E. 
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Expression of the Arabidopsis LC8/LC6 gene family  
In general, LC8 and the LC6 proteins seem to be located in the same subcellular 
compartments, and therefore, we wanted to determine whether their expression patterns 
within the Arabidopsis plant overlapped as well. The promoters for each of the genes was 
fused to the β-glucuronidase (GUS) gene, and transgenic Arabidopsis Columbia plants 
carrying these constructs were generated. Multiple independent transgenics for each of 
the genes were stained for expression of the GUS gene at various developmental stages (7 
day and 14 day seedlings as well as mature plants). Various organs (flowers, leaves, 
roots, siliques, stems) were also stained to obtain a comprehensive expression profile for 
each of the genes.  
The promoter-GUS experiments demonstrated a variety of specific patterns of 
gene expression for the LC8/LC6 gene family in Arabidopsis (refer to Figure 3). For the 
LC8 orthologue, At4g15930, we observed GUS expression in the meristem of seven day 
seedlings as well as in the vascular tissue of leaves at almost all stages of development. 
The vascular tissue of the roots showed GUS staining, and strong expression was also 
observed at the points where new lateral roots were forming and at the root tip. The 
flower buds, immature anthers, vascular tissue of the stamen and pollen grains 
consistently showed GUS expression. In addition, GUS expression was observed where 
the mature silique and pedicel abut.  
LC6A (At5g20110) did not show high levels of expression in many tissues. We 
observed expression only in the rosette node and flower buds of mature plants and in the 
hypocotyls of seven day old seedlings.  
LC6B (At1g23220) was expressed at different life stages of the plant. Similar to 
LC8, the LC6B promoter showed intense staining in the vascular cells of cotyledon 
leaves. True leaves did not show as intense staining in the vasculature, although it was 
present, but the hydothodes of the true leaves were consistently stained. The stems of 
very mature plants expressed LC6B as well as the rosette node of mature plants. The 
flower buds showed GUS expression, and closer inspection revealed this to be due to 
expression in the veins of the sepals. Mature flowers also had strong staining at the base 
of the carpel.  
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Figure 3. Gene expression patterns of the Arabidopsis LC8/LC6 genes as measured by fusing their 
promoter to the β-glucuronidase (GUS) gene. Blue tissue denotes GUS staining . Each of the LC8/LC6 
genes is listed, and the images underneath correspond to that gene. Length measurements are provided for 
most images. 
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Figure 3. (Cont.) 
 
An interesting staining pattern for LC6C (At4g27360) was present in both the 
cotyledon and the emerging leaves. We routinely observed the strongest GUS expression 
on the margins of young Arabidopsis leaves (7 and 14 days) and in the entire leaves of 
leaves of mature plants. The first true leaves to emerge also showed similar expression  
patterns with their tips having the most intense stain. Flower buds of LC6C plants 
showed expression (this was due to strong expression in the vascular tissue of the sepals).  
LC6D (At3g16120) and LC6E (At1g52250) are the most similar of any pair of 
Arabidopsis LC8 gene family members and share 84% amino acid similarity. However, 
their expression patterns were very different. LC6D (At3g16120) showed expression only 
in the leaf tissue of seedling plants. Similar to LC6C, the margins of the leaves showed 
the most intense expression. In fact, leaf margin staining could be seen throughout the life 
of the plant. We also observed LC6D promoter expression in the flower buds and mature 
flowers of the Arabidopsis plants. GUS expression in the flower buds was in part due to 
expression in the veins of the sepals and pedicel. However, mature anthers could also be 
found that had LC6D expression as well.   
The LC6E promoter consistently generated the strongest GUS expression of any of 
the Arabidopsis LC8/LC6 genes. In multiple independent transgenic lines, high level, 
constitutive expression was found in almost all organs and developmental stages of the 
plant. Throughout the roots, we observed staining that was most intense at the tips and 
points of lateral root formation. The stems of these plants showed strong expression as 
well as all the cells of the true leaves (even the trichomes stained blue). Interestingly, 
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GUS expression was not observed in the cotyledon leaves, but the rest of the seedling 
tissue was positive for GUS expression.  
 
 
Discussion 
 
 The dynein light chain LC8 is a small yet highly conserved protein found 
throughout eukaryotes (King 2003). LC8 conservation is greatest among animals, where 
the similarity among LC8 orthologues in human, Drosophila, Caenorhabditis elegans and 
the alga Chlamydomonas reinhardtii is greater than 90% (King and Patel-King 1995; 
King, Barbarese et al. 1996). LC8 is thought to be highly conserved because it is part of 
multiple protein complexes, not just the dynein microtubule motor (King 2000). This 
hypothesis is supported by much empirical evidence showing that LC8 is a binding 
partner of many cellular proteins (for a recent list see (Vallee, Williams et al. 2003)). 
Two recent studies exemplify LC8’s wide-ranging interactions: a proteomics approach 
identified over 40 brain polypeptides that interact with LC8 (Navarro-Lerida, Martinez 
Moreno et al. 2004), and the recent Drosophila two-hybrid interaction map revealed a 
similar number of partners (Giot, Bader et al. 2003).  
Because of the diverse binding partners of LC8, many functions have been 
proposed for this molecule in eukaryotes (reviewed in (King 2000; King 2003)). For 
example, LC8 facilitates movement of a number of proteins along the microtubules. 
These include p53 binding protein 1 (Lo, Kan et al. 2005) and swallow, the Drosophila 
bicoid RNA binding protein (Hays and Karess 2000; Schnorrer, Bohmann et al. 2000). 
LC8 is also a component of the myosin-V actin motor and likely moves bound proteins 
along actin filaments (Espindola, Suter et al. 2000). LC8 is important for nuclear 
migration and septum positioning in fungi (Liu, Xiang et al. 2003) and for sequestering 
the pro-apoptitic protein Bim to the microtubules in Drosophila (Puthalakath, Huang et 
al. 1999). Recently, the binding of LC8 to some target proteins has been observed to 
induce conformational changes that are important for function of the binding partner 
(Nyarko, Hare et al. 2004; Wang, Hare et al. 2004). In other instances, LC8 binds cellular 
proteins such as neuronal nitric oxide synthetase (Jaffrey and Snyder 1996) and the 
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migratory transcription factor ΙκΒα (Crepieux, Kwon et al. 1997), although the specific 
purpose for these interactions is unknown. Thus, the many and varied functions of LC8 in 
protein complexes other than the dynein microtubule motor can account for its high 
degree of conservation. These many functions can also explain its presence in flowering 
plant species in the absence of the dynein microtubule motor (Lawrence, Morris et al. 
2001).  
Arabidopsis harbors six genes belonging to the dynein light chain LC8 protein 
family – one LC8 member and five LC6 family members (LC6A-D). We have previously 
shown that most plants, like Arabidopsis, have multiple distinct LC8/LC6 genes 
(Havecker, Gao et al. 2005). Inferred from their sequence similarity to animal LC8 
proteins, the Arabidopsis genes are annotated as functioning in microtubule-based 
processes (www.arabidopsis.org; March 2005). To further characterize these genes, we 
determined their subcellular localization and found that LC8 and LC6A-D are present in 
both the nucleus and cytoplasm of Arabidopsis cells. LC6E, however, could only be 
observed in the cytoplasm. Furthermore, LC8 and LC6A-D varied in their distribution 
between the nucleus and the cytoplasm. LC6A, LC6B, and LC6C consistently showed a 
greater amount of fluorescence in the nucleus rather than in the cytoplasm, although the 
proteins were present in both compartments. LC8 had slightly higher levels in the 
cytoplasm and LC6D had relatively equal levels in the two compartments. The purpose of 
the differential accumulation in these compartments is unknown. If LC8 and LC6 are part 
of a molecular motor in plants, then they would be expected to accumulate in the 
cytoplasm, as molecular motors are known to be cytoplasmic (King, Barbarese et al. 
1996; Jacob, Badrane et al. 2000; Alonso, Miskin et al. 2001). Dlc-1, a human LC8 
homologue, is also present in the nucleus and cytoplasm (Crepieux, Kwon et al. 1997). 
The association of LC8 with transcription factors and microtubules would predict this 
dual localization.  
 We next wanted to determine the overall expression patterns of this gene family 
in Arabidopsis. The promoters of all six genes were fused to β-glucuronidase and 
transgenic Arabidopsis Columbia plants were generated. In general, members of the 
LC8/LC6 gene family had overlapping expression patterns. All genes seemed to be 
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expressed in some way in the flower buds. Further examination of the buds revealed that 
staining was often the result of GUS expression in both the veins of the sepals and 
immature anthers. Some mature anthers (LC8, LC6D, LC6E) also showed GUS 
expression in the pollen. Because it is unknown what cellular proteins bind the LC8/LC6 
proteins in Arabidopsis, the significance of their expression in floral tissue is unknown. 
Another type of tissue that often showed GUS staining was the vascular tissue. The veins 
of leaf tissue expressed LC8 and to a slightly less degree LC6C; the veins of the root 
tissue also stained in LC8 and LC6E. Interestingly, for both LC8 and LC6E, the strongest 
expression in the roots was seen in the root tip of the primary and lateral roots as well as 
in the sites were new lateral roots would form (or were forming).  
Another area of overlapping expression for many of the LC8/LC6 genes was the 
leaves. The cotyledon leaf margins were stained in LC6C and LC6D plants. Other areas 
of overlapping expression occurred at the silique/pedicel junction (LC8, LC6B, LC6E) 
and the rosette node (LC6A, LC6B, LC6E). In contrast, only LC6B was specifically 
expressed in the hydothodes, and only LC6E was expressed within the trichomes. The 
reason overlapping gene expression of some family members in specific tissues is 
unknown, but if these proteins act together in a complex in some way, combinations of 
the proteins could provide a level of specificity unable to be created in tissues expressing 
just one member of the gene family.  
It seems to be the general case that in animals, LC8 acts as a versatile adaptor for 
many different cargoes. The observation that LC8 binds many different unrelated proteins 
has given it the nickname, “molecular glue” (Wang, Hare et al. 2004). Besides being part 
of the dynein microtubule motor, no other function has been attributed to LC6, and it 
does not even appear to be essential for dynein assembly in Chlamydomonas reinhardtii 
(King 2003). In Arabidopsis, the LC6 genes do not show complete overlap in their 
expression profiles and they could act as adaptor proteins in plants in a similar fashion to 
LC8. Many organisms have multiple copies of the dynein light chain genes (King, 
Barbarese et al. 1996; Wilson, Salata et al. 2001; King 2003). Humans, for instance, have 
three copies of LC8 (LC8a, LC8b and LC8c) that are differentially expressed in various 
tissues (Naisbitt, Valtschanoff et al. 2000; Wilson, Salata et al. 2001). Our data are 
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consistent with the idea that different members of the Arabidopsis LC8/LC6 gene family 
may accomplish target-binding specificity to some degree by their subcellular location 
and tissue-specific expression. One apparent cargo is the retrotransposon Gag protein 
previously identified to interact with this gene family, and this interaction may be 
involved in retrotransposon movement or assembly of transposition intermediates 
(Havecker, Gao et al. 2005). The functional significance of the expression and subcellular 
localization data will be realized to a greater extent, however, as more Arabidopsis 
LC8/LC6 target proteins are identified. 
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